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ABSTRACT
Despite approximately 150 years of research on drumlins, no consensus on how they
form has emerged: their origin is probably the longest-standing problem in glacial geol-
ogy. Solving this problem would answer important questions about the basal conditions
of past and modern sediment-based ice masses and their dynamics. Although many
models of drumlin formation have been proposed, in the last several decades those that
involve deformation of a till bed have received the most attention. In these models sub-
glacial growth of hills is in response either to effective stress heterogeneity in the bed or
to flow instability at the ice-till interface.
The forefield of Múlajökull—a warm-based, surge-type glacier in central Iceland—
comprises the only known field of drumlins shaped by a modern glacier and provides
an opportunity to study the stratigraphy, patterns of sediment deformation, and past
effective stress distributions in and around these drumlins. Their geometric character-
istics fall within ranges for Pleistocene drumlins (Johnson et al., 2010; Benediktsson et
al., submitted), but glaciological conditions during drumlin formation are better known
than for the Pleistocene drumlin fields that have been the focus of most previous work.
This study combines field measurements, laboratory analyses of fabrics based on
till anisotropy of magnetic susceptibility (AMS), consolidation testing, and analysis of
aerial photos and LiDAR data from the Múlajökull forefield. Data indicate that the
drumlins formed by both erosion and deposition. (1) Attitudes of the basal till units that
constitute drumlins and patterns of till deformation within them indicate that deposition
occurred on drumlin slopes. (2) Clast and AMS fabrics in drumlins and interdrumlin
areas are dominated by shear strain, with no evidence of the longitudinal compression or
xii
extension necessary if sediment flux divergence in a deforming bed caused drumlin relief.
(3) The package of basal tills that dominates the stratigraphy of the drumlins thickens
with proximity to the glacier, where the forefield has been subject to more frequent
surging. (4) Drumlin elongation is greater in parts of the forefield where more surging has
occurred. (5) Observations of an unconformable uppermost till unit that often truncates
underlying tills at the drumlin flanks indicate that erosion occurred there. (6) Data
reflecting quiescent periods, when effective stresses are inferred to have been higher than
during surges, indicate that past effective stresses were highest in interdrumlin areas at
those times. These data, along with the stratigraphic evidence for erosion on the drumlin
flanks, suggest that erosion occurred during quiescence rather than during surging and
imply that sediment transport mechanisms with rates that increase under increasing
effective stress likely were responsible for this erosion.
Thus, the stratigraphic, morphological, topographic, geotechnical, and fabric data
from the Múlajökull forefield support a model of drumlin formation in which till is
eroded from interdrumlin areas and adjacent drumlin flanks during quiescent periods.
On the other hand, stratigraphic evidence connecting specific till layers to some surge
moraines (Johnson et al., 2010) indicates that deposition occurs during surges. Such
deposition could result from negative flux divergence in a shearing bed, but till fabrics,
as noted, do not reflect this style of strain. Rapid but relatively uniform bed shear during
surging—consistent with the low and relatively uniform effective stresses expected during
such periods—that generates basal melt rates sufficient to release debris from ice and
lodge it onto the bed is a more likely origin for the basal till. Thus, till stratigraphy and
fabrics reflect lodgment and associated bed deformation during surging. Although this
conceptual model is founded on observations of the Múlajökull drumlin field, it implies
that drumlins elsewhere formed by slow flowing ice will be dominantly erosional, whereas
drumlins that show evidence of deposition may have experienced episodes of fast ice flow.
1CHAPTER 1. INTRODUCTION
Glaciologists and glacial geomorphologists have long sought to understand the sub-
glacial processes that have shaped the landforms that are revealed when glaciers retreat.
Such landforms are ubiquitous in the Northern Hemisphere, covering vast areas of Canada
(∼70% of the total land area), Ireland (∼50%), Scandinavia (∼40%), and Britain (∼15%)
(Clark et al., 2009); they have also been observed in front of and beneath the Antarctic
Ice Sheet (Ó Cofaigh, 2002; King et al., 2007). Subglacial processes are difficult to ob-
serve directly—despite advances in remote sensing, borehole, and seismic technology and
even the establishment of subglacial laboratories that make glacier beds more accessible
(Clarke, 2005)—so investigations of glacial landforms provide an alternative means of
studying these processes. Thus, insights in glacial geomorphology can yield better un-
derstanding of both modern and past glacier dynamics as well as landform development
(Boulton, 2009; Benn, 2009).
Understanding subglacial processes of sediment-based glaciers is particularly impor-
tant. The velocities of the ice streams that dominate ice discharge from the West Antarc-
tic Ice Sheet are thought to be controlled primarily by bed sediments weakened by high
water pressures (Joughin et al., 2002), and the dynamics of the Greenland Ice Sheet also
are governed partly by basal conditions (Nick et al., 2013), with sediments potentially
playing a large role (Walter et al., 2014). Studying the landforms sculpted from the
sediments of these soft-bedded glaciers is one way to understand their dynamics.
Drumlins are among the most poorly understood subglacially-generated landforms.
Drumlins are kilometer-scale hills, with 10-100 m of relief, that are elongated in the di-
2Figure 1.1 Part of a field of classically-shaped drumlins, as imagined during their formation, with
ice-flow direction indicated by arrows. Figure adapted from Kehew (2006).
rection of glacier flow. Traditionally, they are thought to have blunt stoss ends and more
gently-sloping lee ends (Fig. 1.1), but many variations are known (Knight, 2010). In
fact, Spagnolo et al. (2010) demonstrated that the classic description of drumlin shape
is not entirely accurate, as the majority of drumlins do not have this stoss-lee morphol-
ogy and instead are relatively symmetric. Drumlins usually are composed primarily of
glacially-derived sediments (Patterson and Hooke, 1995). Although landforms known as
“rock drumlins”—sculpted from bedrock—have been described, they are often thought
to be genetically distinct (e.g., Clark et al., 2009; Stokes et al., 2011). Drumlins oc-
cur individually or, more commonly, in fields of tens to hundreds or even thousands
(Clark et al., 2009). A popular hypothesis places drumlins in a continuum of subglacial
bedforms that includes ribbed moraines and mega-scale glacial lineations (e.g., Men-
zies, 1979; Boulton, 1987 Clark, 2010; Fowler and Chapwanya, 2014), but drumlins have
unimodally-distributed morphologic variations that suggest they comprise their own class
of landform (Clark et al., 2009). They have been the subject of intense study since the
beginning of glacial geology, with publications dating back to as early as 1863 (Knight,
32010). Since then, interest in these landforms has only increased, and over 1300 scientific
contributions (abstracts, papers, and theses) have been devoted to drumlins and their
formation to date, with roughly one-third of these contributions published in the past
35 years (Clark et al., 2009). Despite the attention that drumlins have received, no
consensus as to how they form has been reached. Drumlin formation represents one of
the longest-standing problems in the history of the glacial geology.
The lack of a widely-accepted theory of drumlin formation has not precluded the use
of drumlins in inferring past glaciological conditions and flow dynamics (e.g., Stokes and
Clark, 2002; Briner, 2007; Greenwood and Clark, 2009). This is not without reason:
commonalities among drumlins and among drumlin fields inevitably are linked to glacier
and sediment physics (Patterson and Hooke, 1995). A better understanding of the con-
ditions that favor drumlin formation will advance knowledge of both past and present
glacier and ice sheet dynamics and can potentially improve parameterizations of basal
boundary conditions in glacier models.
Studies of drumlins and drumlin formation have used diverse approaches, from de-
scribing the physical characteristics of individual drumlins or drumlin fields (e.g., Davis,
1884; McCabe and Dardis, 1989; Boyles and Eyles, 1991; Gentoso et al., 2011), to using
numerical and analytical models of the ice-bed interface to generate drumlinoid forms
(e.g., Boulton, 1987; Hindmarsh, 1998; Fowler and Chapwanya, 2014), to compiling large
datasets in search of commonalities that exist among many drumlins and drumlin fields
(e.g., Menzies, 1979; Patterson and Hooke, 1995; Clark et al., 2009). Associated theories
of drumlin formation are numerous. Nearly all of them are based on Pleistocene-age
drumlins and drumlin fields, largely because few modern drumlins are known (see Chap-
ter 2).
In the work described herein, the physical characteristics of the only known active
drumlin field, located in the forefield of the Icelandic surge-type glacier, Múlajökull,
were investigated. The goal was to test models of drumlin formation by studying three-
4dimensional till deformation patterns and past effective stress distributions. Knowledge
of the glacier’s recent surge history and the associated drumlin stratigraphy (Johnson et
al., 2010; Sigurkarlsson, 2015; Benediktsson et al., submitted) provide a foundation for
the study that helped improve interpretations. The remainder of this chapter focuses
on summarizing characteristics of drumlins and drumlin fields and discussing existing
hypotheses of drumlin formation, with attention to the patterns of sediment deformation
and past effective stress they predict.
1.1 Common drumlin characteristics
One of the most difficult tasks in developing a comprehensive theory of drumlin
formation is separating pertinent observations from irrelevant or less important ones
(Clark, 2010). Several efforts have been made to summarize drumlin and drumlin field
characteristics that might yield insight into the conditions that favor drumlin formation
and facilitate model testing (e.g., Menzies, 1979; Patterson and Hooke, 1995; Clark et
al., 2009; Stokes et al., 2011). Table 1.1 summarizes the findings of these studies, which
are also described below.
Measuring drumlin morphology is relatively simple and more or less objective, and
many glacial geologists have emphasized drumlin length, width, and elongation ratio in
their studies. The relationship between drumlin length and width has been suggested
as a possibly important indicator of the subglacial conditions that control drumlin for-
mation, particularly the geotechnical properties of the drumlin-forming sediments (e.g.,
Piotrowski, 1989), the relative amount of time drumlins have been subjected to glacier
occupation (Patterson and Hooke, 1995), and even glacier velocities (e.g., Stokes and
Clark, 2002; Greenwood and Briner, 2009). Clark et al. (2009) measured the morphom-
etry of 59,000 drumlins in the British Isles to define a range of drumlin shapes and
sizes. They found that landforms designated as drumlins tend to fall within a distinct
5Table 1.1 Summary of common drumlin characteristics
Characteristic Typical Reference
Drumlin morphometry Length 250–1000 m
Width 120–300 m
Elongation ratio 1.7–4.1
Up- and downglacier sides of ellipse
representing base are typically
symmetric
Can vary within a drumlin field, al-
though changes are often graded
Clark et al. (2009)
Spagnolo et al. (2010)
Menzies (1979)
Patterson and Hooke (1995)
Drumlin spacing and
density
Varies, systematically in some fields
and randomly in others
Menzies (1979)
Patterson and Hooke (1995)
Time of formation Final advance or early retreat of ice
masses
Patterson and Hooke (1995)
Sense of strain in ice Longitudinal compression
Possibly transverse extension
Patterson and Hooke (1995)
Ice thickness Relatively thin: drumlins usually occur
near past ice margin (but often with
undrumlinized section between drumlin
field and terminal moraine)
Patterson and Hooke (1995)
Ice temperature Pressure-melting point Patterson and Hooke (1995)
Sediment porewater
pressure
High Patterson and Hooke (1995)
Composition, including
sediment lithology and
grain size
Varies: main categories include (i) part
till/part bedrock, (ii) mostly till, (iii) part
till/part sorted sediments, and (iv) most-
ly sorted sediments
Patterson and Hooke (1995)
Stokes et al. (2011)
Internal stratigraphy Varies Stokes et al. (2011)
Presence of a drumlin
core
In some drumlins, composition varies Patterson and Hooke (1995)
Overall bed topography,
composition, and thick-
ness of bed sediment
layer
Varies Patterson and Hooke (1995)
6range of widths, lengths, and elongation ratios, and form a unimodal distribution within
that range. The majority (∼68%) of the drumlins they considered were between 250 and
1000 m long (629 m on average) and between 120 and 300 m wide (209 m on average),
with elongation ratios of 1.7 to 4.1, although they ranged from nearly circular (elonga-
tion ratio of 1.2) to extremely elongate (elongation ratio of 21.8). These morphometric
characteristics fit well with previously published studies of drumlins from other regions
(e.g., Piotrowski, 1989) and provide a basis for evaluating drumlin morphometry.
Although the morphometrics of individual drumlins are easily measured, quantifying
the spatial relationships among drumlins is not as straightforward. Some researchers
have concluded that the distribution of drumlins in a field is random, whereas others
suggest that they form in patterns (Menzies, 1979). Where drumlins have been noted
to form in patterns, several different arrangements have been described (Patterson and
Hooke, 1995). These include alternating bands of high and low drumlin density that
form perpendicular to ice flow, radial banding parallel to ice flow, “en echelon” drumlin
spacing—although no field of drumlins with an entirely “en echelon” pattern has been
noted—or parallel (side-by-side) drumlin spacing. Drumlin density and spacing can
vary within a field, as can the shapes and sizes of the drumlins themselves (Menzies,
1979), although changes from one type of morphology to another are usually gradational
(Patterson and Hooke, 1995). Spatial variations in drumlin fields could be related to
spatial variations in glacier dynamics, in the glacier bed, or in both (Menzies, 1979).
Describing the physical conditions of drumlin formation is still more difficult, and
these conditions are known only vaguely. Patterson and Hooke (1995) exhaustively
combed the drumlin literature to assemble a list of consistent indicators of the glaciolog-
ical environments where drumlins around the world have formed. They concluded that
Pleistocene-age drumlins are most often associated with the final stages of glaciation—
formed during the final advance or early retreat of ice masses. Compressional longitudinal
strain rates in the ice, such as occurs in the ablation zone, commonly are associated with
7drumlins, and associated extensional transverse strain rates may be important as well.
Most drumlin fields occur where ice was relatively thin and extend near but not up to
the former glacier margin. The presence of a drumlin-free zone between most drumlin
fields and the glacier margin might point to a lower bound on the ice thickness required
for drumlinization, or it might be indicative of the subglacial thermal regime, as the thin
ice near the margin is often below the pressure-melting point. The majority of drumlins
appear to have been formed where ice was at the pressure-melting point, such that water
was present at the glacier bed. In fact, many drumlin fields occur in areas dominated by
high sediment pore-water pressures, and no drumlins have been noted to occur in areas
where sediment pore-water pressures were likely low. Evidence from past (e.g., Boulton,
1987) and modern (Smith et al., 2007) observations indicates that drumlin formation
may occur relatively quickly (i.e., on a decadal time scale: Smith et al., 2007; Stokes et
al., 2011).
Hooke and Patterson (1995) also noted that many characteristics of individual drum-
lin fields are not common overall, and thus these characteristics cannot be general-
ized as being imperative for drumlin formation. Hooke and Patterson consider these
non-essential characteristics to include aspects of the lithology and stratigraphy of the
drumlin-forming sediments, the thickness of the sediment layer upon which drumlins
develop, and the overall bed topography of drumlinized areas. Usually, drumlins are
composed of a variety of locally-derived glacial materials. Stokes et al. (2011) divide
drumlin compositions into five categories: (1) mainly bedrock, (2) part bedrock/part till,
(3) mainly till, (4) part till/part sorted sediments, and (5) mainly sorted sediments, al-
though they suggest that bedrock drumlins likely have a distinct origin. Internal stratig-
raphy varies greatly as well. Some drumlins have distinctive cores—packages of sediment
or bedrock structures that are distinct from other drumlin-forming sediments and are
sometimes thought to act as a nucleation site for the landforms. These cores can be
composed of everything from older, denser tills to stratified sand and gravel or gravel
8and till to stratified clay to solid rock. Drumlins with discernible cores, however, are
by no means the rule (Patterson and Hooke, 1995). Evidence of both sediment erosion
and deposition has been noted in different drumlins, indicating that both may contribute
to drumlin relief (Patterson and Hooke, 1995; Stokes et al., 2011). Similarly, presumed
or clear evidence of sediment deformation is pervasive in many drumlins but scarce or
nonexistent in others (Stokes et al., 2011). Finally, drumlins may be built upon thick
sediment layers or directly upon bedrock, and the overall bed topography can range from
relatively flat plains to highlands to confined lowlands (Patterson and Hooke, 1995).
1.2 Hypotheses for drumlin formation
Sugden and John (1976, as cited in Benn and Evans, 2010) popularly suggested that
hypotheses of drumlin formation are almost as numerous as drumlins themselves. Only
the principal hypotheses, summarized in Table 1.2, are discussed here.
1.2.1 Background: Subglacial sediment transport processes
Hypotheses for drumlin formation necessarily require movement of subglacial sedi-
ments to develop drumlin relief. The mechanisms invoked by the principal hypotheses
discussed herein are included in Table 1.2. Sediment transport mechanisms at the glacier
base are varied and depend on basal conditions, including the sliding speed, the thermal
regime at the interface, the amount of water and configuration of the subglacial hydro-
logic system, and the effective stress at the ice-bed interface (e.g., Alley et al., 1997;
Clarke, 2005). They are also affected by the physical properties of the bed-forming sedi-
ments, particularly their texture and porosity (e.g., Iverson and Semmens, 1995; Alley et
al., 1997; Rempel, 2008). As the basal environment at Múlajökull is better understood
than that of the Pleistocene-age glaciers responsible for forming the majority of drum-
lins and all other known drumlin fields, an understanding of the subglacial transport
9mechanisms involved in drumlin formation at Múlajökull may also be more accessible.
Table 1.2 Principal hypotheses for drumlin formation, with * indicating models evaluated using field
results reported herein.
Hypothesis Primary sediment transport
mechanisms
Selected references
Sediment flux
about a rigid part of
the bed
Sediment flux in a deforming bed,
dictated by spatially variable effective
stress or thermal regimes developed
by heterogeneities in the substrate—
possibly due to variations in substrate
permeability or to a patchy frozen bed
Boulton (1987)*
Hooke and Medford (2013)
Interfacial flow
instability
Sediment flux in a deforming bed
relying on contrasting ice and till
viscosity;
Erosion of interdrumlin areas by
sediment deformation into regions of
accumulated subglacial meltwater
and removal via meltwater flow
Hindmarsh (1998)
Schoof (2007)
Fowler (2009)
Fowler (2010)
Fowler and Chapwanya (2014)*
Subglacial
megafloods
Sediment erosion and deposition by
subglacial meltwater
Shaw et al. (1989)
Shaw (2002)
see also discussion from Clarke
et al. (2005) and Benn and
Evans (2006)
Infilling of sub-
glacial cavity
Glaciofluvial sediment deposition McCabe and Dardis (1989)
1.2.1.1 Deforming sediment beds
Many hypotheses rely on spatially variable flux divergence (Fig. 1.2) of a deformable
sediment bed to develop drumlin relief. The idea of pervasive subglacial bed deformation
was first introduced in 1894 (McGee, 1984) and has become essential in understanding
the dynamics of sediment-based glaciers (Benn and Evans, 2010). Field observation,
analyses of field samples, and experimental work have indicated that subglacial tills, like
other granular materials, behave as a Coulomb plastic (e.g., Kamb, 1991; Iverson et al.,
1998; Tulaczyk et al., 2000), such that they have a finite strength—the sediment yield
strength—and will fail once that strength is exceeded. The rate of sediment deformation
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Figure 1.2 Sediment flux (q) in one dimension, across a segment of the glacier bed with along-flow
length l = ∆x. The sediment flux divergence across ∆x is ∂q∂x =
(qx+∆x−qx)
∆x , and the
amount of sediment stored per unit time over ∆x is S. If the sediment is incompressible,
∂q
∂x + S = 0. Thus, if the sediment flux divergence across ∆x is non-zero, there will be
a corresponding change in sediment storage, and the thickness of the sediment layer over
∆x will change during the time period in question. If ∂q∂x is negative (qx > qx+∆x), more
sediment moves into ∆x than out of it, and S > 0, so the thickness of the sediment layer
increases during the time period in question. If ∂q∂x is positive (qx+∆x > qx), less sediment
moves into ∆x than out of it, and S < 0, so the thickness of the sediment layer decreases
during the time period in question.
after failure is independent of the shear stress applied to the sediment (Das, 2010).
Sediment shear strength is dictated both by the physical properties of the sediment and
the effective stress directed normal to the plane of shear:
S = c+ σ′tanφ (1.1)
where S is the sediment shear strength, c is the apparent cohesion, σ′ is the effective
normal stress, and φ is the sediment friction angle. The idea that tills behave in this
manner is less controversial than the difficulty associated with modeling the deforma-
tion of plastic materials, a problem that extends beyond the realm of glacial geology
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(e.g., Henann and Kamrin, 2012). Several leading theories of drumlin formation invoke
subglacial sediment deformation as an important mechanism in drumlin formation and
rely on gradients in basal effective stress and till strength to control the spatial vari-
ations in till flux divergence that can amplify drumlin relief, despite disagreement on
how best to model these fluxes. A popular solution to this modeling problem has been
to approximate till behavior with a viscous or viscoplastic fluid rheology (e.g., Boulton,
1987; Hindmarsh, 1997; Fowler, 2003), as the direct proportionality between shear stress
and strain rates in viscous fluids enables more straightforward solutions than does the
indeterminate response of Coulomb plastics. Although pseudo-viscous deformation of
subglacial sediments could occur transiently under some circumstances, those conditions
are likely uncommon subglacially (Iverson, 2010), and models using viscous sediment
rheology should be viewed cautiously.
1.2.1.2 Transport of subglacial sediments in ice
Thermally-controlled processes are thought to be important in dictating sediment
transport of debris in the ice of the glacier sole (Clarke, 2005). Entrainment of sub-
glacial sediments in the glacier can occur by glaciohydraulic supercooling, freeze-on of
subglacial water to the glacier sole, and regelation infiltration (Alley et al., 1997), whereas
deposition of sediments contained within the ice can occur by lodgment of subglacially-
entrained sediments onto the ice-bed surface (Boulton, 2009).
Some of these processes are unlikely to be relevant at Múlajökull. Glaciohydraulic
supercooling requires that subglacial water be forced up an adverse bedslope by the
subglacial hydraulic potential gradient, which is largely controlled by the glacier surface
slope and thus independent of the subglacial topography (Clarke, 2005). If the water
pressure changes, so will its freezing temperature. Thus ascending water becomes super-
cooled relative to the surrounding ice, such that it—and any sediment contained within
it—should freeze onto the ice (Clarke, 2005). Whether this process can be vigorous
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enough to account for large amounts of sediment transport is unclear (Clarke, 2005),
and the general downglacier dip of the Múlajökull forefield surface in the vicinity of the
drumlins diminishes its potential importance in drumlin formation there. Freeze-on of
water contained within sediment due to a vertical thermal gradient can be ruled out at
Múlajökull, which is a temperate glacier (Björnsson et al., 2003), such that the ice-bed
interface exists at the pressure melting temperature.
The ice of the glacier sole can intrude into bed sediments, leading to englacial en-
trainment of bed material (Clarke, 2005). This process is called “regelation infiltration.”
Experimental work has shown that the depth of regelation infiltration is most sensitive
to the difference between the normal pressure of the ice on the sediment surface and
the sediment porewater pressure (the effective normal stress) and the basal melt rate
(Iverson and Semmens, 1995). Sediment properties, such as sediment grain size distribu-
tion, thermal conductivity, porosity, and how saturated the sediment pore space is with
ice also may influence the ability of the ice to infiltrate the bed efficiently (Iverson and
Semmens, 1995; Rempel, 2008). Basal sliding may impede intrusion of the ice into the
basal sediment, however, and thus regelation infiltration is likely to be most effective
where sliding speeds are low (e.g., Iverson and Semmens, 1995; Alley et al., 1995). Fur-
ther theoretical development of the regelation infiltration problem indicates that freezing
of water in small pore spaces causes fluid from unfrozen till at depth to move toward
the freezing front and freeze there, also helping to freeze sediment to the bed (Rempel,
2008). If the ice infiltrates the sediment pore space sufficiently, the effective normal stress
is eventually supported by the sediment grains, and no further infiltration of the ice is
expected (Rempel, 2008). When subglacial conditions change—for example, when the
effective normal stress at the ice-bed interface changes due to an input of meltwater—
sediment may be incorporated into the ice or deposited onto the bed as the regelation
infiltration processes adjust and a new equilibrium depth of infiltration is achieved (e.g.,
Iverson and Semmens, 1995; Rempel, 2008).
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Lodgment of sediment contained within the basal ice depends on glacier sliding speed.
As basal sliding speed increases, rates of frictional melting of the basal ice also increase
and cause sediment in the ice to be plastered onto the bed in an accumulating sediment
layer (Boulton, 2006). Lodgment till will be built up progressively in this manner, as
debris is continually advected downglacier by the ice and collects at the basal surface
when it melts out of the ice (Boulton, 2006).
1.2.1.3 Glaciofluvial sediment transport
Water beneath the glacier can occur in channels that are cut upward into the ice, or
sometimes incised into the underlying sediment (Hooke, 2006). Although physical models
of sediment transport by subglacial streams are lacking, empirical evidence indicates
that the volume of sediments such streams can transport in a given period should be
exceptionally high, as steep hydraulic head gradients force water discharge to be high
(Alley et al., 1997). In these channels, sediment can be suspended within the water
or transported as bedload at the bed surface. Evidence indicates that both transport
mechanisms are important subglacially and that sediment transport is likely strongly
related to the total water flux and thus increases downglacier (Alley et al., 1997).
In contrast, subglacial water can also occur in a distributed system consisting of a
poorly connected network of subglacial cavities or a porous sediment layer in which water
flow is relatively slow and subglacial drainage is inefficient (Fountain and Walder, 1998).
Water flux is unlikely to be high enough in such a system to be important in subglacial
sediment transport (Alley et al., 1997).
1.2.2 The Boulton (1987) model of drumlin formation
Boulton (1987) suggested that spatially variable sediment flux and associated drum-
lin formation can be attributed to hydrologic heterogeneities within the glacier bed. As
glaciers override sediments with a wide range of permeabilities, pore-water pressures—
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Figure 1.3 Model results from Boulton (1987). (a) Progressive deflection of an originally straight
marker line (T0) as relatively weak sediment, with lower permeability and thus higher
pore-water pressure, deforms around relatively rigid core (shaded), with higher permeability
and lower pore-water pressure. Thinner vertical lines are streamlines in till. Glacier flow is
from bottom to top of figure. (b) Final drumlin shape, developed by net erosion (negative
values) of areas adjacent to drumlin through positive sediment flux divergence and net
deposition (positive numbers, shaded region) on top of and around a rigid core through
negative sediment flux divergence. Figure adapted from Boulton (1987).
and thus effective stresses within the bed—necessarily vary spatially. In areas where
pore-water pressures are relatively low, effective stresses are relatively high, such that
sediments in these areas are stronger and can support higher shear stresses than surround-
ing sediments. These pockets of strong sediment are thus more resistant to deformation
and form the rigid cores that have been inferred in some drumlins. As ice flows over these
rigid bodies, adjacent weak sediments deform around them, forming a sheath (Fig. 1.3).
Net positive sediment flux divergence occurs between the rigid drumlin cores, and these
regions become the low elevation interdrumlin areas. If the core material is relatively
weak, it may deform too, creating a sock fold that represents much of the drumlin struc-
ture. If the core material is more resistant, it will not deform, and the contact between
it and the deformed sediments around it will be sharp and erosive. As sediments build
up around the drumlin cores, they will be sheared into progressively more streamlined
forms. The numerical model used to develop this hypothesis considers subglacial sedi-
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ment to be incompressible and linear-viscous and specifies hydrologic heterogeneities by
varying sediment viscosity and effective normal stress. Although subglacial sediment is
neither incompressible nor linearly-viscous (Kamb, 1991; Iverson et al., 1998; Tulaczyk
et al., 2000), the central role of effective-stress heterogeneity in this model and its effect
on sediment mobility make the model intuitively appealing.
glacier flow
High σ'
Low σ'
Low σ'
(a)
(b)
(c)
Figure 1.4 Schematic of strain and effective pressure patterns consistent with the Boulton (1987) hy-
pothesis (a) sediment strain in drumlin, in plan view (rigid core shaded, with unidirectional
arrows denoting shear and arrow pairs denoting compressional or extensional strain); (b)
sediment strain in drumlin along its long axis (rigid core shaded); shearing occurs at the
drumlin surface (bold), creating shear strain fabrics with shear planes (lines without ar-
rows) that conform to the drumlin surface; and (c) the effective stress distribution in the
drumlin and interdrumlin areas in plan view. Note that effective stresses will be highest
in the rigid core. Note that shading in (c) does not reflect the actual magnitude of the
changes in effective stress–it is just an approximation of the stress regime described by the
hypothesis.
Sediments in drumlins formed in this manner would include simple shear fabrics with
shearing azimuths that conform to the drumlin shape. In addition, fabrics at the drumlin
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head, where ice and sediment would have diverged laterally around the drumlin form,
will show signs of longitudinal compression, and fabrics at the drumlin tail, where ice
and sediment would have converged laterally, will show signs of longitudinal extension
(Fig. 1.4a and 1.4b). The material that makes up the rigid core may or may not be
deformed, depending the relative weakness of the surrounding sediments. Regardless of
how it has been strained, the material that makes up the rigid drumlin core will have
experienced the highest effective stresses due to their low pore-water pressures, and the
sediments in the interdrumlin areas will have experienced the lowest effective stresses
(Fig. 1.4c).
1.2.3 The Hooke and Medford (2013) model of drumlin formation
Hooke and Medford (2013) promoted a thermo-mechanical instability that could drive
drumlin growth. This model is based on observations that some Pleistocene drumlin
fields occur in areas where a frozen ice margin was likely (e.g., Stanford and Mickelson,
1985). They suggested that patches of frozen sediment, as would occur where a glacier
transitions from a frozen to a thawed bed, can also act as rigid bodies. This would result
in a flux of the adjacent, thawed sediments surrounding the rigid, frozen sediments
to areas on top of and behind them, where water in the sediments would freeze and
accrete to the bed. Although this hypothesis agrees with paleo-reconstructions and field
observations suggesting that many Pleistocene drumlin fields occur where a frozen ice
margin likely was present (Patterson and Hooke, 1995), it does not apply to Múlajökull,
which is a warm-based glacier (Björnsson et al., 2003). This hypothesis, therefore, is not
considered further here.
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1.2.4 Subglacial landforms resulting from flow instability at the ice-bed in-
terface
A set of more abstract hypotheses has been developed that relies on an interfacial
instability at the ice-bed contact to form transverse ridges at that interface (e.g., Hind-
marsh, 1998; Hindmarsh, 1999; Schoof, 2007; Fowler, 2009). These ridges are sculpted
into drumlins as the till bed is squeezed toward incipient low areas between drumlins
where thick water layers accumulate and carry the sediment downglacier (Fowler and
Chapwanya, 2014). These hypotheses depend on the assumptions that till deforma-
tion can be approximated as viscous or visco-plastic—such that sediment flux increases
with the interfacial shear stress—and that sediment viscosity increases with effective
normal stress. These hypotheses also require that the horizontal velocity at the ice-
bed interface be uniform, so the ice does not speed up or slow down in response to the
changing subglacial topography. These hypotheses intrinsically are connected to the idea
that drumlins are part of a continuum of subglacial bedforms. Indeed, the Fowler and
Chapwanya (2014) model can account for a full spectrum of landforms, depending upon
parameterizations that determine the configuration of the subglacial hydrologic system
(Fig. 1.5a; see Creyts and Schoof, 2009, and Fowler, 2010, for further details).
Prior to incorporation of sediment transport by subglacial water in these models, they
were able to account for only transverse ridges. Small hills (ridges in three dimensions)
form at the ice-bed interface due to an instability that arises from differences in till and
ice behavior. As the ice flows over small ridges (i.e., a perturbed bed surface), it exerts
an increased compressive normal stress on the upglacier sides of ridges that causes the
till there to become more viscous than on the downstream sides of ridges, owing to the
assumed relationship between effective normal stress and till viscosity. However, due to
the low viscosity of the till relative to ice, the ice velocity at the bed surface is presumed
to be uniform. This uniform speed requires that interfacial shear stresses be higher
where till is more viscous (i.e., where its shearing resistance is higher on the upstream
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Figure 1.5 Interfacial instability model. (a) Schematic diagram from Fowler and Chapwanya (2014)
showing cross section transverse to glacier flow. The ice surface is indicated by z = zi, the
sediment surface is by z = b and the water surface by z = s. Where water depth exceeds the
depth of the largest clast, effective normal stress goes to zero, and where that condition is
satisfied sediment is transported by water, accentuating the undulations. (b) Results from
Schoof (2007) in longitudinal view showing ridge growth. Top: Bed elevation (s, solid line)
and sediment flux (q, dashed line) over a flow line (x). The fact that q is largest upglacier
of the bumps indicates that they are growing. Bottom: Effective pressure (N , solid line)
and shear stress (τ , dashed line) over the same flow line. When N = 0, cavitation occurs
(in this iteration of the model).
sides of ridges). Owing to the viscous rheology assumed for till, in which strain rate
increases with shear stress, the flux of till is then—somewhat paradoxically—higher on
the upstream sides of ridges where the till is more viscous that on the downstream sides.
Thus, more till flows in into ridges than out of them. The ridges grow in amplitude
due to this negative sediment flux divergence. Dips form in the sediment at a distance
behind the ridges, and behind these dips, another ridge begins to form, and so the
perturbation is propagated in a wavelike fashion (Fig. 1.5b). Ridge growth stops when
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the ridges reach an equilibrium amplitude that is dictated in some versions of the model
by the tendency of cavities to form in their lee (e.g., Schoof, 2007). Ridges built in this
way may persist even when net sediment flux divergence leads to erosion of most or all
of the original ridge-forming sediments, so that the ridge pattern is superimposed on
underlying sediments. In this case, according to Stokes et al. (2013), the final ridges will
be composed primarily of sediments and structures predating drumlin formation that
may be draped with an unconformable layer derived from sediments associated with
initial ridge formation. The formation of three-dimensional drumlins from these ridges
arises from zones of positive flux divergence of till along ridge crests. Resultant erosion
in these areas is dictated by the tendency of subglacial water to pool and cause ice-bed
decoupling in incipient interdrumlin areas, so that effective normal stress exerted by the
ice on the bed surface in these areas is zero, and till is squeezed into the pooling water
and evacuated as the water flows downglacier (Fowler, 2010).
As they can be erosional or depositional features, these ridges could display several
till fabric patterns. Any till deposited by negative flux divergence in a shearing bed
(net till inflow to the region of the perturbation), however, will include fabrics indicating
longitudinally-compressive strain. This strain regime would characterize drumlins formed
entirely through deposition of unconformable layers on top of preexisting sediments.
Preexisting sediments will have fabrics that do not correspond with the drumlin form.
Drumlinization of the ridges could lead to some transverse extensional fabrics as till is
squeezed into areas of water accumulation (Fig. 1.6a and 1.6b). Till on the stoss side
of the ridges will have experienced significantly higher effective stresses than those in its
lee, and sediments in interdrumlin areas will have experienced very low effective stresses
(Fig. 1.6c).
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Figure 1.6 Schematic of strain and effective pressure patterns expected from the interfacial instability
model of (a) sediment strain along the drumlin long axis (sediment flux indicated by grey
arrows); shearing occurs at the drumlin surface (bold), creating shear strain fabrics with
shear planes (lines without arrows) that conform to the drumlin surface; (b) sediment
strain along the drumlin crest; shearing occurs at the drumlin surface (bold), creating shear
strain fabrics with shear planes (not shown for visual clarity) that conform to the drumlin
surface; and (c) the effective stress distribution in the drumlin and interdrumlin areas in
plan view. Note that shading in (c) does not reflect the actual magnitude of the changes in
effective stress; rather, it is just an interpretation of the approximate regime described by
the hypothesis.
1.2.5 Drumlins as a result of glaciofluvial action
Some hypotheses attribute drumlin formation largely to glaciofluvial action. One par-
ticularly controversial hypothesis proposes that drumlins are the products of subglacial
“megafloods.” Early versions of this hypothesis suggested that the turbulent floodwaters
cut upward into the ice and later fill the resulting cavities with sediments (e.g., Shaw,
1983; Shaw and Kvill, 1984). Later versions added another possibility: drumlins could
also result from the erosive action of the thick, fast-flowing subglacial water layers (e.g.,
Shaw et al. 1989; Shaw, 2002). The megaflood hypothesis has been applied to a few
drumlin fields (e.g., Bradwell, 2006), but it is hotly debated, and convincing arguments
have been raised against it (e.g., Clarke et al., 2005; Benn and Evans, 2006). A more
moderate hypothesis, based on the well-sorted sands and other fluvial sediments that
comprise a large component of some drumlins, suggests that drumlins are the product of
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fluvial infilling of subglacial cavities that result from the ice flowing over and around bed
protrusions, rather than from melting of the ice by turbulent floodwaters (e.g., McCabe
and Dardis, 1989). This suggestion, however, is irrelevant to the Múlajökull drumlins,
which are composed primarily of till (Johnson et al., 2010).
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CHAPTER 2. PREVIOUS WORK AT MÚLAJÖKULL
Most studies of drumlins have focused on those formed by Pleistocene ice sheets
(Clark et al., 2009). Drumlins formed by modern glaciers are rarer, although individual
contemporary drumlins have been identified in Iceland (Boulton, 1987; Krüger, 1987;
Schomacker et al., 2006), Switzerland (van der Meer, 1983), Alaska (Haselton, 1966, as
cited in Johnson et al. 2010), and Antarctica (Rabassa, 1987) and have been imaged
beneath the Antarctic Ice Sheet (King et al., 2007; Smith et al., 2007). However, no
active drumlin fields were known to exist in modern glacier forefields until Johnson et
al. (2010) described the drumlin field at Múlajökull (Fig. 2.1). The Múlajökull drumlin
field offers a unique opportunity to study the formation of drumlins at a glacier that is
revealing them as it retreats. Since the field was first described, 142 drumlins have been
identified at Múlajökull, and at least five new drumlins have emerged from beneath the
ice (Benediktsson et al., submitted).
2.1 Surge history
Múlajökull is a warm-based, soft-bedded glacier that drains the Hofsjökull Ice Cap
in central Iceland (Fig. 2.1; Johnson et al. 2010). It is one of Iceland’s 26 surge-type
glaciers, and previous interest in the glacier centered on its surge history (Björnsson et al.,
2003). This has been discussed extensively by Sigurkarlsson (2015). The earliest known
surge at Múlajökull occurred in 1924; no other events were noted until 30 years later, in
1954, but records of the surging glaciers in Iceland are insufficient to preclude surging
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during that period (Björnsson et al., 2003). Since 1954, the glacier has surged six times,
four of them with major advances of the margin (> 150 m), with a periodicity of ∼5–
20 years (Fig. 2.2b; Sigurkarlsson, 2015; Benediktsson et al., submitted). Sigurkarlsson
(2015) mapped the extent of the ice margin after each of these surge events using aerial
photographs, satellite imagery, and a LiDAR DEM. The results of this effort indicate that
post-surge ice margin extents between 1954 and 1992 were similar and that during that
time, the glacier tended to advance 150–300 m with each surge, repeatedly overriding
the same 0.4–1.3 km2 section of the forefield (Fig. 2.2; Sigurkarlsson, 2015). Since its last
major surge in 1992, the glacier has been retreating relatively consistently at an average
rate of ∼45 m a−1, with a minor advance in 2008 (Johnson et al., 2010). Múlajökull’s
retreat likely reflects the negative mass balance of the Hofsjökull Ice Cap, which recently
has thinned significantly, so that many of its outlet glaciers have retreated (Sigurkarlsson,
2015).
2.2 The glacier
Múlajökull flows through a 2 km-wide valley formed by Mt. Hjartafell on the south-
west and Mt. Kerfjall on the northeast, before spilling out onto its relatively flat forefield
to form a ∼4 km-wide, highly crevassed piedmont lobe (Fig. 2.1c; Jónsson et al., 2014).
Johnson et al. (2010) showed that the crevasse pattern of the piedmont lobe is likely
associated with the drumlin locations, based on observations of the modern forefield and
analysis of historic aerial photos (Fig. 2.3). For example, emergent drumlins often are
associated with the location of radial crevasses (Benediktsson et al., submitted), and
in historic photos, swarms of radial crevasses commonly overlay now-exposed drumlins
(Johnson et al., 2010). Both Benediktsson et al. (submitted) and Johnson et al. (2010)
note the potential of this crevasse pattern to cause systematic spatial variations in nor-
mal stress that could affect sediment transport processes at the glacier bed and possibly
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Figure 2.1 Múlajökull, Iceland. (a) Glacier location within Iceland, indicated by black box. (b) His-
torical ice marginal extents relative to a datum (measured by the Icelandic Glaciological
Society), with surge years highlighted in grey. (c) Oblique aerial photograph of the glacier,
with the mountains (Hjartafell and Kerfjall) that form the valley through which Múlajökull
drains the Hofsjökull Ice Cap, as well as the Little Ice Age moraine, marking the glacier’s
maximum extent. Figure adapted from Benediktsson et al. (submitted), with permission
from the authors.
play a role in drumlinization.
2.3 The forefield and its landforms
The Múlajökull forefield is a large, relatively flat plain composed of subglacial till with
a great diversity of landforms (Johnson et al., 2010)—from drumlins to flutes to crevasse-
squeeze ridges to moraines and hummocks (Fig. 2.5). Jónsson et al. (2014) extensively
cataloged and mapped these features. Aside from the drumlins, which are discussed
in detail in subsequent sections, several landforms that they identified are particularly
noteworthy. Evidence of glaciotectonism associated with the glacier surges is recorded in
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Figure 2.2 LiDAR hillshade map indicating moraines associated with (at least) six surges at Múlajökull
since 1945 (in 2008, 1992, 1986, 1979, 1972, and 1954). A surge also occurred in 1966,
but no associated moraine was identified. Figure adapted from Sigurkarlsson (2015) with
permission from the author.
end moraines throughout the forefield, and most surge events have produced substantial
end moraines. Smaller push moraines mark the extent of minor winter ice advances
in many locations between these larger moraines. A hummocky end moraine deposited
by the 2008 surge drapes the drumlins most proximal to the modern glacier margin
(Fig. 2.4). Hummocky moraine is also present in other locations in the forefield. Finally,
many flutes and crevasse-squeeze ridges cover the drumlin surfaces and are the subject
of ongoing research efforts (e.g., Ives et al., 2014).
Also conspicuous within and adjacent to the forefield are sand, gravel, and cobble
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Figure 2.3 Position of modern drumlins (outlined in red) in Múlajökull drumlin field (as of 2014;
mapped by Jónsson et al., 2014, and updated by Benediktsson et al., submitted) relative
to crevasses in a 1995 aerial photograph.
outwash deposits that are associated with braided rivers sourced by Múlajökull and
the two neighboring glaciers. Lakes occupy many interdrumlin areas and are drained by
small streams. Outwash plains formed by braided river networks are especially prominent
outside of the outermost (Little Ice Age) end moraine (Figs. 2.1 and 2.5).
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Figure 2.4 The 2008 moraine. (a) From the air, with the moraine indicated by arrows. Note how
the moraine drapes several drumlins. Photo from 2013, courtesy of N. Iverson. (b) Look
southeast, across the forefield. Photo from 2010, adapted from Jónsson et al. (2014).
Figure 2.5 (Next page). Geomorphological map of Múlajökull, produced by Jónsson et al. (2014) and
adapted with permission from the authors.
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CHAPTER 3. METHODS
This project included field observations, laboratory experiments, testing of field sam-
ples, and analysis of LiDAR data and other imagery. Most field samples were collected
during two consecutive field seasons in 2013 and 2014, with the help of an international
field team that included 15 participants in total over the two seasons. Minor additional
fieldwork was completed in 2011 and 2012. In the laboratory, field samples were ana-
lyzed for their magnetic and geotechnical properties, and experiments were conducted
to study the magnetic anisotropy of the Múlajökull till developed through simple shear
strain. Analysis of imagery of the forefield, including LiDAR data, complemented this
work.
3.1 Drumlin morphology and stratigraphy
Most field measurements and sediment samples used in this study were from eight
drumlins and three interdrumlin areas across the Múlajökull forefield (Fig. 3.1). Drumlins
were identified and their boundaries delineated in a morphological analysis of LiDAR
data conducted by Jónsson et al. (2014) and updated in 2015. Where LiDAR data were
unavailable, drumlins were mapped using a total station.
In a previous study of the Múlajökull tills, Johnson et al. (2010) noted directional
data, sediment fissility, and bullet-shaped clasts that indicated the drumlins were com-
posed mainly of subglacial tills; in our subsequent work, we noted these characteristics
as well. Most of our field observations and samples were of these basal till units.
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Figure 3.1 2014 aerial photograph of a portion of the Múlajökull forefield, with sample site locations
indicated. The 23 sites on drumlins are indicated with white dots and site numbers, whereas
the five sites in interdrumlin areas are indicated with red dots and site numbers. Drumlins
are outlined.
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At each of 28 sites in drumlin and interdrumlin areas, distinctions between till units
were determined locally based on till texture, clast concentration, matrix composition,
fissility, and stratigraphic position. Unconformities between units were noted. The Múla-
jökull tills have been sourced primarily from relatively uniform basalt flows underlying
the Hofsjökull Ice Cap, so till units look very similar, making tracing of individual units
from outcrop to outcrop difficult. For this reason, most stratigraphic descriptions were
limited to individual outcrops. Sites at four drumlins have been described in detail, us-
ing the logging procedure outlined in Krüger and Kjær (1999). At these locations, clast
fabrics (described in 3.3.2) complemented the stratigraphic logging, providing a means
of determining the glacier flow directions associated with each unit. The strikes and dips
of the different units were calculated from measured apparent dips. These stratigraphic
logs are discussed thoroughly in Benediktsson et al. (submitted) and summarized in this
paper.
3.2 Elevation profiles
To study spatial variations in sediment thickness and identify trends in forefield sur-
face elevation at scales larger than individual landforms (e.g., drumlins, moraines, and
flutes), elevation profiles were measured from a 2 m LiDAR DEM with 0.5 m verti-
cal resolution (Sigurkarlsson, 2015), of the Múlajökull forefield. Elevation profiles were
measured perpendicular to the ice margin and grouped in swaths of 10 parallel profiles.
Spacing of profiles within swaths was 10 m, such that the swaths were 100 m wide and,
where possible, included both drumlin and interdrumlin areas. An average profile was
calculated for each swath by finding the average elevation of each of its 10 constituent
profiles at a given distance from the glacier margin. Swath profiles from 10 locations
across the forefield (Fig. 3.2) were analyzed together by normalizing them with respect to
the location and elevation of the 1992 surge moraine, which was characterized previously
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using LiDAR data and aerial photographs (Jónsson et al., 2014). The swath profiles
were aligned at a common point—the location and elevation where they intersected the
upglacier side of the 1992 moraine—and all distances and elevations along the profiles
were measured relative to this point.
¯
0 0.3 0.6 0.9 1.20.15
Kilometers
Múlajökull
Figure 3.2 Hillshade, based on LiDAR data, showing locations of 10 swath profiles (white, numbered),
each consisting of the mean of 10 profiles considered perpendicular to the glacier margin
and spaced by 10 m. The 1992 surge moraine is highlighted in red, and the drumlins are
outlined in black.
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3.3 Fabric measurements
Fabric analysis has been applied to diverse areas of material science and geology
over the past century (Wenk, 1985). In this study, we use fabrics based on principal
orientations of magnetic susceptibility—a proxy for preferred orientations of silt-sized
titanomagnetite grains in the Múlajökull tills—and standard measurements of clast ori-
entations as indicators of strain patterns.
3.3.1 AMS fabrics
The anisotropy of magnetic susceptibility (AMS) of rocks and sediments has been
used as a strain indicator in varied geologic disciplines, including structural geology,
geomorphology, and sedimentology (Tarling and Hrouda, 1993). It has been applied to
tills previously (e.g., Fuller, 1962; Gravenor et al., 1973; Boulton, 1976; Eyles et al., 1987;
Principata et al., 2005), although without experimental data that link strain direction
and magnitude to till AMS.
Subjecting an intact rock or sediment sample to a magnetic field of strength H re-
sults in an induced magnetic field of strength M , such that M = kH, where k is the
susceptibility constant (Tarling and Hrouda, 1993). Magnetic susceptibility is usually
due to a small quantity (< 1%) of a combination of ferromagnetic, paramagnetic, and
diamagnetic mineral grains within the sample. The susceptibility constant k can be char-
acterized with a second-rank tensor and, when anisotropic, visualized using an ellipsoid
with long, intermediate, and short axes proportional to the principal orientations of sus-
ceptibility, k1, k2, and k3, respectively (Fig. 3.3). Depending on the magnetic mineralogy,
the AMS ellipsoid can be oriented with respect to either grain morphology or crystal-
lographic axes. Hysteresis and thermomagnetic analyses characterizing the response of
magnetization of the Múlajökull tills to changes in the strength of an applied magnetic
field and to changes in temperature (e.g., Grommé et al., 1969) indicate that their mag-
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netic signature is dominated by single- and pseudosingle-domain titanomagnetite with
varying degrees of titanium substitution (Ives et al., in prep). The AMS of these minerals
is controlled by their grain morphology, such that their principal-susceptibility axes align
with the morphological axes of the grains, a property known as “shape anisotropy” (Tar-
ling and Hrouda, 1993). In tills dominated by magnetic minerals with shape anisotropy,
the AMS of a sample represents a volume-average of the preferred orientations of elongate
magnetic grains.
Although the magnitude of AMS of individual till samples does not provide a reli-
able basis for inferring strain patterns (Hooyer et al., 2008; Vreeland et al., 2015), fabrics
based on the principal-susceptibility orientations of multiple till samples reliably indicate
strain patterns for the case of simple shear. These fabrics are characterized by their V1
eigenvectors, or the orientation of maximum clustering of principal-susceptibility axes.
The S1 eigenvalues associated with each eigenvector—which can range from 0.33, indicat-
ing a uniform distribution of orientations with zero clustering, to 1.00, indicating perfect
clustering at a single orientation (Mark, 1973)—were used to quantify fabric strength.
Ring-shear studies of AMS fabric development in tills (see Iverson et al., 2008, for
an overview) indicate that orientations of principal susceptibility cluster predictably in
simple shear if shear strains are sufficiently large (∼7–10). The V1 eigenvector of k1
orientations usually plunges 15–30◦ upglacier (for the case of a horizontal shear plane)
and parallel to the shearing direction (Iverson et al., 2008). Thomason and Iverson (2006)
explain this characteristic upglacier plunge by appealing to particle rotation along Riedel
shears. Typically, the V1 eigenvector of k2 orientations lies within the shear plane and
perpendicular to the shearing direction, and k3 orientations cluster perpendicular to k1
and k2 (Fig. 3.3a) (Iverson et al., 2008). Thus orientations of k1 and k2 define the attitude
of the shear plane. A useful aspect of knowing the shear-plane attitude is that the V1
eigenvector of k1 orientations, which plunges predictably with respect to the shear plane
as noted, can be projected onto the shear plane to determine the true shearing azimuth
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(for details see section A of the supplementary material). Except for the case of steeply
dipping shear planes, which are rare, this correction is small.
To study the relationship between orientations of principal susceptibility and simple
shear for tills of the Múlajökull forefield, till collected from one drumlin was sheared
to strains of ∼31 and ∼37, respectively, in two experiments with a laboratory ring-
shear device, and the resultant AMS fabrics based on 50–75 samples of the sheared till
were measured (see section A of the supplementary material for a description of these
experiments). The general procedure (Hooyer et al., 2008) and apparatus (Iverson et
al., 1997) have been described in detail elsewhere. Results of these laboratory studies
provide a solid basis for inferring glacier flow direction and shear-plane orientations from
triaxial AMS fabrics of tills of the Múlajökull forefield.
Fabrics resulting from compressional strain can be inferred by considering the rotation
of passive lines in a body as it is compressed. As strain increases, orientations of k3 should
align with the most compressive principal stress, whereas k1 should become increasingly
parallel to the least compressive principal stress (Fig. 3.3b) (Owens, 1974; Ankerstjerne,
2010). This means that while the principal-susceptibility axes of fabrics that develop
from simple shear form distinct clusters (Fig. 3.3a), only k3 should cluster in fabrics that
develop from compressional strain, and k1 instead should form a girdle. This distinctive
pattern—seen in detailed studies of moraines subjected to shortening in the direction
of glacier flow (Ankerstjerne et al., in press)—enables differentiation of fabrics of tills
that have been subjected to dominantly compressional strain from those that have been
subjected to dominantly simple shear. Of course, uniaxial compression and simple shear
strain, as described here, are the end members of a continuum, and subglacial sediments
are likely subjected to both; thus, the results from fabric analysis at Múlajökull are
discussed according to the dominant style of strain.
Intact till samples for AMS measurements were collected from ∼1.0 m x 0.5 m hor-
izontal platforms (Fig. 3.4) at depths of 0.2–5.9 m in basal tills at eight drumlin and
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Figure 3.3 Ellipsoids representing AMS fabrics that develop with different styles of strain and cor-
responding lower hemisphere stereonet plots in which k1 orientations are represented by
circles, k2 orientations by squares, and k3 orientations by crosses. (a) Steady-state orienta-
tion of the AMS ellipsoid that results from horizontally directed simple shear to a sufficient
strain (∼7–10). Principal-susceptibility axes form distinct clusters when plotted on a lower
hemisphere stereonet, although for the case shown the shear plane is not horizontal. (b)
Orientation of AMS principal-susceptibility axes under compressional strain. When plotted
on a lower hemisphere stereonet, V2 forms a cluster in line with the maximum compressional
stress (σ1), while k1 and k2 form a girdle. Figure adapted from Ankerstjerne (2010) with
permission.
three interdrumlin areas (Fig. 3.1). These platforms were excavated at depths deter-
mined by the stratigraphy and extent of the exposures at the site locations; platforms
were positioned with the aim of sampling as many separate basal till units as possible. In
most cases, platform locations were chosen to take advantage of natural outcrops incised
by streams, with pits dug horizontally into basal tills, after removing up to ∼0.5 m of
colluvium from the exposure surface (e.g., Fig. 3.5a). Five ∼1.0 m x 2.0 m trenches
(three at drumlin heads and two in interdrumlin areas) were dug vertically to depths
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of ∼1.5 m, with horizontal platforms established at various depths as the trenches were
excavated (e.g., Fig. 3.5b). Each platform was cleared using paint scrapers and hand
brooms to create a level surface that was free of loose sediment. Six fabrics (three total
from interdrumlin Sites 18 and 19 and three from drumlin Site 21) were collected from
∼1.0 m x 0.2 m vertical surfaces, rather than horizontal surfaces. Each of these fabrics
was confined to one till unit identified within a single stream cut exposure. Like the
horizontal platform sufaces, these surfaces were prepared using paint scrapers to create
an even sampling surface and remove loose sediment (e.g., Fig. 3.5c). No fewer than
25 AMS samples were collected from each surface by pressing open-ended, plastic, cubic
boxes (∼18 mm on each side, with a wall thickness of 1 mm) into the platforms or vertical
faces, using a Brunton compass to measure their orientation, and then excavating and
capping the filled boxes (see Fig. 3.4). Only the outermost ∼2 mm of the samples were
likely disturbed by this process (Tarling and Hrouda, 1993, p. 70). A total of 81 fabrics
each derived from ≥ 25 AMS samples were measured across the forefield, requiring over
2025 AMS samples. These samples were analyzed using a KLY-3S Kappabridge operated
within the University of Wisconsin-Milwaukee’s Department of Geology and Geophysics.
Figure 3.4 (AMS cubes are pushed into the sediment surface and their orientation measured using a
Brunton compass before they are excavated.
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Owing to incomplete areal coverage of most drumlins—in addition to considering
AMS fabrics on a drumlin-by-drumlin basis—data from all of the sampled drumlins
were evaluated collectively by reorienting the drumlins (arbitrarily to N-S) so that their
long axes coincided. Drumlins were divided into quadrants defined by longitudinal and
transverse transects through the drumlin peak (along the drumlin long axis and crest,
respectively), and collective fabric data were assessed for each quadrant (Fig. 3.6). When
the data were parsed in this manner, however, the number of fabrics in a quadrant was
sufficiently low (N < 20) that outliers could obfuscate overall trends. In these cases,
performing a nonparametric bootstrap analysis, which utilizes Monte Carlo probability
modelling to delineate confidence areas (Tarling and Hrouda, 1993), on the AMS fabric
data can provide a clearer representation of fabric variability. This technique has been
commonly applied to magnetic fabrics (e.g., Sierra et al., 1993; Butler et al., 2002;
Domeier et al., 2011; Granot et al., 2011; Weil et al., 2014).
Bootstrap analysis operates under the assumption that the sampled dataset is repre-
sentative of the entire population. Nonparametric bootstrapping resamples that dataset
hundreds to thousands of times, without assuming a particular data distribution, to
understand variability in the overall population distribution (Singh and Xie, 2008). In
previous AMS studies of glacial deposits, the distribution of the mean orientations of
multiple fabrics sampled within a particular region has been used to assess overall trends
in sediment deformation (e.g., Shumway and Iverson, 2009; Fleming et al., 2013; Vree-
land et al., 2015). We analyze distributions of V1 eigenvectors of triaxial AMS fabrics
from each of the drumlin quadrants using the nonparametric bootstrap routine developed
by Constable and Tauxe (1990). Further explanation of the bootstrap analysis method
can be found in Efron (1982) or Efron and Tibshirani (1986) and in section A of the
supplementary material.
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Figure 3.5 (a) Site 2 during the 2013 field season. AMS and preconsolidation samples were collected
from a vertical profile, with horizontal platforms excavated at depths of 0.3 m (platform 1),
1.6 m (platform 2), 2.4 m (platform 3), and 4.1 m (platform 5) below the drumlin surface.
(b) Site 3 during the 2013 field season. A trench was dug into the drumlin surface and
horizontal platforms at 0.3 m (platform 1) and 0.55 m (platform 2) were established. AMS
and preconsolidation samples were collected from these platforms. (c) Site 18 during 2014
field season. AMS cubes were pushed into a vertical face cleared in a stream cut. This
fabric spanned a 0.15 m thickness of till, with an average depth of ∼0.58 m.
40
Figure 3.6 Locations where samples for AMS fabrics were collected, referenced to a single drumlin
orientation, with the drumlin divided into quadrants and separated from interdrumlin area.
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3.3.2 Clast fabrics
Each clast fabric of this study comprises the long-axis orientations of 25 elongate
pebble-sized (∼5 to 60 mm) clasts with an elongation ratio of at least 1.5. Clast ori-
entations were measured from ∼0.4 m x 0.4 m vertical faces in four drumlins and two
interdrumlin areas. Sampling sites were located at natural outcrops (stream cuts) that
were cleared of up to ∼0.5 m of colluvium to reveal intact basal tills. Fabrics were mea-
sured at depths of 0.2 to 5.9 m at these locations. Clasts were carefully excavated from
the vertical surface, and the trend and plunge of their long axes measured and recorded.
These fabrics, too, were characterized by their V1 eigenvectors and associated S1 eigen-
values. Overall trends in the clast fabric data were analyzed using the same methods
applied to the AMS data: these eigenvector trends were studied by reorienting the long
axes of the drumlins on which they were measured (arbitrarily to trend N-S), with the
trends then divided among the different quadrants of the drumlin and bootstrapped.
3.4 Consolidation and effective stress measurements
The degree of till consolidation provides a record of the maximum effective stress—
the difference between stress normal to the sediment surface and sediment pore-water
pressure—that the till has experienced since deposition. Effective stress, in turn, helps
control subglacial transport processes. Till consolidation across the Múlajökull forefield
was, therefore, assessed to gain insight into patterns of till mobility at the bed and their
potential relationship to drumlins and interdrumlin areas. The extent of consolidation of
intact samples from the forefield was evaluated in two ways: (1) Preconsolidation tests
were performed on intact till samples to assess sediment consolidation under confined
uniaxial loading, and (2) AMS cubes were dried and weighed to determine the till dry
bulk density.
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3.4.1 Preconsolidation testing
For the preconsolidation tests, we collected intact till samples from the horizontal
platforms excavated for AMS analysis at as many locations as possible. Samples used
in preconsolidation testing were collected from till units and from well-sorted silt, silt
and sand, or sand-rich lenses within the till units that could be found both in drumlins
and interdrumlin areas. Differences between sample sites were noted in the field. These
samples were collected in brass rings of 20 mm thickness and 75 mm diameter that were
pushed into the platform surfaces and excavated. High clast concentrations prevented
attempts to push the rings into tills at many locations, so fewer sites were sampled for
these tests than for AMS analyses. Overall, 26 preconsolidation samples were collected
at five drumlins (15 samples) and in three interdrumlin areas (11 samples) across the
forefield. The rings were sealed and stabilized between two metal plates so that the
samples would not be disturbed during transport and enclosed with plastic wrap to
prevent drying and sediment shrinkage prior to lab testing.
In the laboratory, the intact till samples were saturated with deionized water and
placed in a fixed-ring consolidometer, which allowed them to be subjected to a uniaxial
stress. The brass rings confined the sediment samples on their sides, and porous stones
placed above and beneath the sample permitted escape of pore water as the sample
consolidated. The sediment sample was incrementally loaded every 24 hours and its one-
dimensional consolidation measured with a dial micrometer and characterized by changes
in its void ratio—the ratio between the volume of sediment voids and the volume of sed-
iment solids (grains). Preconsolidation test results were analyzed using the Casagrande
(1936) method (see section A of the supplementary material) to estimate the preconsol-
idation stress: the stress at which deformation transitioned from predominately elastic
to predominately permanent strain and equal to the maximum past effective stress on
the sample.
Preconsolidation stresses determined from these tests were compared with the max-
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imum possible modern overburden pressure (σ′0) at the sites where the samples were
collected. As Múlajökull sediments exist over a large range of porosities, the porosity
of the densest preconsolidation sample collected was used for this calculation. Addition-
ally, as the water table in the forefield fluctuates over time (evidenced by the tendency
of some sampling pits to fill with water after long periods of rain), the saturated bulk
density (ρsat)—the bulk density of the sediment when its pores are filled entirely with
water—was computed to account for the fact that a portion of the sediment column
above each sample site is likely below the water table at times. Thus, σ′0 was estimated
by finding the pressure that would be exerted by a fully saturated column of the densest
Múlajökull sediment on each sample site:
σ′0 = ρsatgd (3.1)
where g is gravitation acceleration and d is the depth, in m, of the sample site from the
drumlin surface.
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CHAPTER 4. RESULTS
4.1 Drumlin morphology and stratigraphy
The Múlajökull drumlin field comprises > 140 drumlins that occur in a fan-like
distribution—also characteristic of many Pleistocene drumlin fields (Patterson and Hooke,
1995)—that mimics the piedmont glacier margin, with about two-thirds of the drumlins
occurring upglacier of the 1992 moraine and the remaining one-third downglacier of it
(see Fig. 2.5). Overall, drumlin dimensions are similar to those of well-studied Pleis-
tocene drumlin fields (e.g., Piotrowski, 1989; Clark et al., 2009), although the two sets
of drumlins—divided by the 1992 surge moraine—have distinctly different morphomet-
rics. Benediktsson et al. (submitted) described drumlin morphologies in these two areas
(Fig. 4.1). The drumlins upglacier of the 1992 moraine have an average length of 230 m,
an average width of 81 m, and an average elongation ratio of 3.0 (with a range of 1.2–
7.6). The drumlins on the downglacier side, on the other hand, are generally shorter (on
average 169 m) and wider (on average 94 m), so their elongation ratios are smaller (on
average 1.9, with a range of 1.1–3.4).
Drumlin stratigraphy was logged at stream cut exposures in four drumlins, many
of which were also sampled for AMS and ρb and for preconsolidation testing. These
logs are reported in detail in Benediktsson et al. (submitted), whose tables and figures
are reproduced in this paper (in Figures 4.2–4.5 and section B of the supplementary
material). Section A (Fig. 4.2) was parallel to the drumlin long axis, whereas Sections B
and D (Fig. 4.3 and 4.5) were perpendicular to their respective drumlin long axes; Section
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Figure 4.1 Morphometry of drumlins proximal (upglacier) and distal (downglacier) to the 1992 surge
end moraine. Only drumlins free of glacier ice (132 of a total 142 presently noted within the
forefield) were considered. Morphometric parameters are (a) length, (b) width, (c) relief
(height), and (d) elongation ratio. Note that the elongation ratio is higher for drumlins
upglacier of the 1992 moraine than for those downglacier. Figure from Benediktsson et al.
(submitted).
C (Fig. 4.4) describes a diagonal cut through a drumlin flank. All of these sections were
logged in drumlins upglacier of the 1992 surge moraine.
Each of the drumlins described is composed primarily of diamict units that could
be traced within individual drumlins but not correlated among drumlins. The diamicts
differ primarily in clast content (which varies from moderately to highly clast-rich) and
in matrix grain size (which varies from clay- to sand-rich). Some of the diamicts are
fissile or have fissile layers within them; in these units, slickensides are parallel to the
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Figure 4.3 (a) Stratigraphic logs from Section B of Benediktsson et al. (submitted), corresponding to
Sites 1 and 2 (Fig. 3.1) in this paper. Log BA is from the crest of the drumlin and BB
is from its eastern flank. Note the angular unconformity beneath the top till on the flank
of the drumlin (log BB), a feature seen elsewhere in the forefield. The key to the logs is
in Figure 4.2b. The dashed line shows the correlations between units made in the field.
V1 is the primary eigenvector of each clast fabric, and S1 and S3 are eigenvalues (Mark,
1973). (b) Schematic view showing the location of the logs within the drumlin. The till
units and their correlations are also shown, but thin units of sorted sediments are left out
for simplicity. Figure from Benediktsson et al. (submitted).
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direction of ice flow. Clastic dikes, interpreted as water escape structures (van der Meer
et al., 2009), commonly cross-cut the diamicts. Dips of units tend to conform to the slope
of drumlin surface. Units of well-sorted silt, sand, and gravel occur locally in drumlin
sections but usually could not be traced from log to log, indicating that they are finite
(≤ 10 m) in width. Within Section D (Fig. 4.5), a prominent water escape structure
composed of well-sorted silt and sand cross-cuts the diamict units, dipping 65◦ to the
northeast, away from the drumlin long axis and along its flank. In three of the sections,
an angular unconformity separated the topmost till layer and from layers underlying it.
4.2 Elevation profiles
Elevation profiles from locations across the forefield (Fig. 3.2) indicate that elevations
increase with proximity to the glacier margin (Fig. 4.6). In almost every 100 m-wide
profile swath, a sharp change in the rate of elevation increase occurs in the vicinity of
the 1992 surge moraine, with a steeper gradient downglacier from the moraine and a
gentler gradient upglacier from it.
4.3 Fabrics
4.3.1 Ring-shear experiments
During ring-shear testing, the Múlajökull till developed fabric orientations consistent
with previous ring-shear studies in which other tills were sheared (summarized in Iverson
et al., 2008), but fabric strengths were smaller. Orientations of each of the principal-
susceptibilities (k1, k2, and k3) of the resulting fabrics formed distinct clusters, with the
V1 eigenvector of the k1 axes plunging 15–24◦ upglacier from the shear plane and the
V1 eigenvector of k2 lying within the shear plane (Fig. 4.7). Fabric strengths, based
on k1 orientations, were lower than those measured in previous studies (S1 = 0.74 and
S1 = 0.77), despite experiments conducted to strains of ∼31 and ∼37, respectively—
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values 3–5 times greater than the minimum value required to produce steady-state fabrics
in other tills (∼7–10) (Iverson et al., 2008).
Figure 4.7 Orientations of principal magnetic susceptibilities of the Múlajökull till subjected to shear
strains of ∼31 (left) and ∼37 (right), based on the AMS of 73 and 62 intact samples,
respectively. Orientations of principal susceptibility k1 are represented by circles (with its
V1 orientation shown by large circle), k2 by squares (its V1 by large square), and k3 by
crosses (its V1 by large X). Sense of shear in lower-hemisphere stereonets is indicated by
arrows. Downglacier plunges of k1-based V1 orientations are 15◦ (left) and 24◦ (right).
Fabric strengths are S1 = 0.74 (right) and S1 = 0.77 (left).
4.3.2 Clast and AMS fabrics
Principal-susceptibility orientations were analyzed for 81 AMS fabrics from 28 sample
sites within eight drumlins and in three interdrumlin areas. In each of these fabrics
the orientations of the three principal-susceptibilities were clustered; no girdled fabrics
(Fig. 3.3b) were observed (results of individual AMS fabric analyses at each sample site
included in section B of the supplementary material). Fabric strengths ranged from very
strong (S1 = 0.95) to weak (S1 = 0.44), although 80.2% of fabrics were sufficiently strong
(S1 > 0.57) to have directional significance based on the criterion set by Vreeland et al.
(2015) in their study of drumlins of the Green Bay lobe. The average fabric strength
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was S1 = 0.70± 0.12. All fabrics were used in bootstrap analyses of the collective data,
regardless of strength.
Analysis of 34 clast fabrics from nine different sites on four drumlins and from one
site in an interdrumlin area complemented the AMS fabric analysis. Clast fabrics were
similar to AMS fabrics in that clast long axes were distinctly clustered, with no girdled
fabrics (refer to section B of the supplementary material for individual clast fabric results
from each sample site). The range in fabric strengths of the clast fabrics was narrower
(S1 = 0.51 to S1 = 0.86), with an average of S1 = 0.71± 0.09. All but two of the fabrics
(94% of the total) were sufficiently strong to have directional significance (S1 > 0.57).
As with the AMS fabrics, all of the clast fabrics were used in the bootstrap analyses,
regardless of fabric strength.
Bootstrapping collective drumlin and interdrumlin fabric data clarifies trends in both
shearing azimuths and shear-plane attitudes (see Fig. B.7–B.10 to view data prior to
bootstrapping). Shearing directions and shear-plane orientations derived from fabrics at
interdrumlin sites tend to align in the direction of glacier flow (from north to south on
the reoriented drumlin), with the bootstrapped azimuths trending, on average, 182± 4◦
(Fig. 4.8a). Interdrumlin shear planes strike roughly east–west (on average 103◦) and
dip gently (on average 4◦) downglacier (Fig. 4.8b).
Shearing directions and shear-plane orientations derived from fabrics in drumlins
(Figs. 4.9 and 4.10) vary from quadrant to quadrant. Azimuthal trends are similar for
both AMS and clast fabrics and tend to diverge (point away from the drumlin long-
axis) upglacier of the drumlin crest and converge (point toward the drumlin long axis)
downglacier of it (Fig. 4.9). On average, AMS fabric azimuths trend 179 ± 5◦ in the
northeast, 187 ± 3◦ in the northwest, 182 ± 6◦ in the southeast (from which only 7 fabrics
were collected), and 177 ± 7◦ in the southwest drumlin quadrants, respectively. These
azimuths correspond with the attitude of the drumlin surface at the sites where they
were collected, with the majority of the bootstrapped data falling within one standard
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Figure 4.8 Results from bootstrap analysis of AMS fabric data from interdrumlin areas. Results are
normalized to a N–S oriented drumlin using the average trend of the long axes of the
two adjacent drumlins. (a) Rose diagram indicating shearing orientations. (b) Equal-area
lower-hemisphere stereonet projections of poles to shear planes (zoomed-in view focuses on
the center ∼45–90◦ of the inset stereonet), overlain by a confidence ellipse representing 95%
of the bootstrapped data (Tauxe et al., 2014).
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E, downglacier
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Figure 4.9 Rose diagrams showing the direction of shearing based on AMS and clast fabrics, boot-
strapped, plotted with respect to a single drumlin orientation, and separated by drumlin
quadrant. Red arrows on rose diagrams represent the average azimuth of the drumlin
surface at the sites where samples for AMS fabrics were collected. Standard deviations
are indicated with dashed arrows. Rose diagrams of clast fabrics indicate clast long-axis
orientations, rather than sediment shearing azimuths. Because clast-fabric measurements
consider only the orientations of the clasts’ long axes, unlike the triaxial AMS fabrics, the
true shearing azimuth could not be derived from clast fabric data by projecting their long
axis orientations onto their respective shear planes. Attitudes of drumlin surfaces were not
recorded for clast fabrics.
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Figure 4.10 Equal-area, lower-hemisphere stereonet projection of bootstrapped poles to shear planes
derived from AMS data for the east and west sides of the drumlin (a) overlain by confidence
ellipses enclosing 95% of the area of the bootstrapped datasets (Tauxe et al., 2014), and
(b) overlain with a circle that shows the average plunge of poles to drumlin surfaces where
AMS samples were collected plus one standard deviation (dashed circle). Graphs c–e show
the results of common-means testing of the Cartesian components (Tauxe et al., 2014) of
the poles to shear planes from the east and west sides of the drumlins. In these graphs,
the cumulative distribution of each dataset is shown relative to a common mean of the
combined datasets (set at 0 on the horizontal axis). Vertical lines (solid and dashed) show
95% confidence intervals for the mean of each individual dataset, with the blue dashed
lines corresponding to the east side and the red solid lines corresponding to the west.
These tests indicate that poles to shear planes on either side of the drumlin long axis are
(c) similar in the extent of their N-S component; (d) significantly different in their E-W
component; and (e) similar in extent in their Z-component (elevation).
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deviation of the average drumlin surface azimuth (i.e., the direction of the drumlin surface
contours) at the sample sites in the quadrants from which they were collected (Fig. 4.9).
For clast fabrics, clast long axis azimuthal trends are similar to sediment shear azimuths
obtained from AMS fabrics: on average, clast fabric azimuths trend 13 ± 2◦ in the
northwest quadrant and 9 ± 2◦ in the southeast quadrant (Fig. 4.9). Clast fabric data
from the other quadrants were not sufficient to show trends. Additional measurements
indicative of glacier flow azimuths (as opposed to the sediment shear azimuths indicated
by AMS fabrics) were less conclusive and are described in section F of the supplementary
material.
Shear-plane attitudes determined from AMS fabrics could not be distinguished from
quadrant to quadrant (see section B of the supplementary material), but attitudes were
significantly different on the opposing lateral flanks of drumlins (Fig. 4.10). Shear planes
tended to dip in the same direction as the drumlin surface, and dips, on average, did
not exceed the drumlin surface slope. The angle of the dip was not significantly different
from one side of the drumlin to the other.
4.4 Consolidation and effective stress
The degree of sediment consolidation in different areas of the forefield was used to
determine patterns in past maximum effective stresses (σ′p) across the glacier forefield.
Although absolute values for σ′p varied depending on the method used to calculate them,
overall relationships showed that interdrumlin areas experienced higher effective pres-
sures than drumlins.
4.4.1 Preconsolidation testing
The initial void ratio (e0) distribution for the 23 samples, based on results from pre-
consolidation testing, was bimodal (Fig. 4.11), with samples from sites designated as silt,
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silt and sand, or sand lenses in the field tending to fall into a group with distinctly higher
values (e0 > 0.90) than the till samples. Well-sorted and poorly-sorted sediments con-
solidate at different rates under increasing effective stress (Das, 2010). Owing to these
different relationships between consolidation and effective stress, in addition to consid-
ering overall results from preconsolidation testing, test results are considered separately
for the sediments from these two groups based on their consistently different values of
e0.
Figure 4.11 Bimodal distribution of e0 of the 23 preconsolidation samples.
Results from preconsolidation tests indicated that values of σ′p in the Múlajökull fore-
field ranged from ∼7 kPa to ∼308 kPa (see section B of the supplementary material).
Values of σ′p of well-sorted silt and sand lenses (e0 > 0.90) were higher than for tills
(e0 ≤ 0.90), with average values of 121.3 ± 84.2 kPa and 60.3 ± 49.5 kPa, respectively.
These results were further subdivided into those from samples collected within drum-
lin heads, drumlin tails, and interdrumlin areas. As silt, silt and sand, or sand lenses
compose an overall small fraction of sediments in the Múlajökull forefield and effective
pressures within these sediments were likely affected by their anomalously high perme-
abilities, discussion and analysis will focus on samples from till units. An overview of all
of the results is reported in Table 4.1. For till units, which had the largest number of
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samples from each area, average values of σ′p were 40.5 ± 17.0 kPa in the drumlin head,
52.1 ± 33.6 kPa in the drumlin tail, and 48.8 ± 28.8 kPa in the drumlin overall. In the
interdrumlin areas, however, values were significantly larger: 86.9 ± 68.1 kPa.
Table 4.1 Mean σ′p values obtained from 23 preconsolidation tests and corresponding mean σ′0 values,
broken down into samples collected from drumlin heads, drumlin tails, and interdrumlin
areas, for all samples, samples with e0 ≤ 0.90 (tills), and samples with e0 > 0.90
(well-sorted silt, silt and sand, or sand lenses).
ALL N Mean depth (m) σ′p (kPa) σ′0 (kPa) σ′p − σ′0 (kPa)
Drumlin head 7 0.69 ± 0.37 114.1 ± 103.2 15.9 ± 10.4 98.2
Drumlin tail 6 0.91 ± 0.71 54.9 ± 35.3 21.0 ± 15.7 33.9
Interdrumlin 10 0.47 ± 0.27 94.8 ± 61.7 11.1 ± 6.2 83.7
e0 ≤ 0.90 N Mean depth (m) σ′p (kPa) σ′0 (kPa) σ′p − σ′0 (kPa)
Drumlin head 2 0.30 ± 0.00 40.5 ± 7.0 6.9 ± 0.0 33.6
Drumlin tail 5 0.85 ± 0.74 52.1 ± 33.6 19.7 ± 17.2 32.4
Interdrumlin 6 0.51 ± 0.32 86.9 ± 68.1 12.1 ± 7.8 74.8
e0 > 0.90 N Mean depth (m) σ′p (kPa) σ′0 (kPa) σ′p − σ′0 (kPa)
Drumlin head 5 0.84 ± 0.31 143.5 ± 108.7 19.4 ± 7.2 124.1
Drumlin tail 1 1.20 69.0 27.7 41.3
Interdrumlin 4 0.35 ± 0.09 106.5 ± 59.1 9.5 ± 3.0 97.0
4.4.2 Till matrix density and consolidation from AMS samples
The fine-grained component of the Múlajökull tills sampled for AMS measurements
revealed trends in consolidation that correlated with preconsolidation tests results for
the till units. Average sediment ρb from samples collected from the drumlin head and
tail were significantly lower (1639 ± 119 kg m−3 and 1650 ± 124 kg m−3, respectively)
than those collected from interdrumlin areas (1817 ± 112 kg m−3). Using the virgin
consolidation relationship determined from preconsolidation testing of samples from till
units (Fig. 4.12), corresponding σ′b values were determined to be on average 39.1 kPa in
the drumlin head, 46.2 kPa in the drumlin tail, and 437.4 kPa in the interdrumlin areas
(Table 4.2). The standard error associated with calculating σ′b from ρb based on precon-
solidation testing is indicated in Fig. 4.12. However, as the relationship between ρb and σ′b
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is logarithmic, the standard error for the relatively small ρb values (∼1600-1900 kg m−3)
is large and does not appropriately represent the significance of the differences between
the drumlin and interdrumlin areas. The ρb values measured in sediments from the
drumlin areas are significantly lower than those from interdrumlin areas, with standard
deviations that overlap very little. Standard error values for σ′b, on the other hand, over-
lap almost entirely. Thus, although calculated σ′b values are reported here, the ρb values
will be the focus of the discussion. Individual site results are reported in section B of
the supplementary material.
Figure 4.12 Virgin compression curve, determined from five preconsolidation tests on till (see section B
of the supplementary material), with 95% confidence interval (dashed line). Equation:
ρb = 86.308 ln σ′b + 1319.6, with R
2 = 0.81548.
Table 4.2 Mean σ′p values obtained from 23 preconsolidation tests and corresponding mean σ′0 values,
broken down into samples collected from drumlin heads, drumlin tails, and interdrumlin
areas, for all samples, samples with e0 ≤ 0.90 (tills), and samples with e0 > 0.90
(well-sorted silt, silt and sand, or sand lenses).
N Mean depth (m) Mean ρb (kg m−3) Mean σ′b (kPa)
Drumlin head 31 0.83 ± 0.53 1639 ± 119 39.1
Drumlin tail 27 0.96 ± 0.69 1650 ± 124 46.2
Interdrumlin 10 0.32 ± 0.15 1817 ± 112 437.4
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Till density and preconsolidation data determined directly from consolidation testing
and indirectly from the density of AMS samples and the virgin compression curve are
summarized in Figure 4.13. Although values of preconsolidation pressure determined
by the two methods differ significantly for interdrumlin areas—with values based on till
bulk density a factor of five larger than those determined directly from results of consoli-
dation testing—all bulk density and preconsolidation data point to the same conclusion:
subglacial till in interdrumlin areas was under higher effective pressure than till within
drumlins.
Figure 4.13 Summary of values of till matrix ρb determined from AMS fabric samples and correspond-
ing σ′b values, calculated using the virgin compression curve and ρb values, and till σ
′
p
values calculated from results of preconsolidation tests.
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CHAPTER 5. DISCUSSION
5.1 Drumlin morphology and stratigraphy
5.1.1 Morphology
The drumlins at Múlajökull are similar in size, shape, and distribution to Pleistocene
drumlins, with lengths, widths, and elongation ratios (Fig. 4.1) within the range of the
drumlins measured in the comprehensive study of Clark et al. (2009). Their elongation
ratios increase markedly upglacier—something that is seen commonly in other drumlin
fields and is often thought to indicate cumulatively longer periods of ice occupation (e.g.,
Boyce and Eyles, 1991; Briner, 2007; Clark et al., 2009)—and are conspicuously larger
upglacier from the 1992 end moraine than downglacier from it. As the 1992 surge moraine
demarcates the approximate extent of not just the 1992 surge but also the three previous
surges (Sigurkarlsson, 2015), this interpretation fits well with the glacial history of the
Múlajökull drumlin field. Additionally, although changes in elongation ratios within a
drumlin field are often gradational (Patterson and Hooke, 1995), the abruptness of the
change at Múlajökull where four surges terminated indicates surging likely played a role
in shaping the drumlins.
5.1.2 Stratigraphy
Stratigraphic evidence indicates that both sediment erosion and deposition were in-
volved in drumlin formation at Múlajökull. Two of the drumlins logged (B and D;
Fig. 4.3 and 4.5; Tables B.2 and B.4) and other drumlins observed throughout the fore-
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field have an unconformable uppermost layer that truncates underlying layers at the
drumlin flanks, indicating that the lower till layers were eroded prior to deposition of
the uppermost till layer. In drumlins behind the 2008 margin, this uppermost till is
associated with the 2008 moraine and appears to have been deposited during that minor
surge event (Benediktsson et al., submitted). Where the strike and dip of till units were
measured (Sections B and D; Fig. 4.3 and 4.5; Tables B.2 and B.4), till units within
drumlins strike parallel to and dip away from their long axes, and till units downglacier
of drumlin crests dip downglacier, in line with the drumlin surfaces. The conformability
of these layers with the drumlin slopes indicates that the drumlin forms existed prior to
deposition of the upper till layers.
In Section D (Fig. 4.5; Table B.4), the dip of water escape structures from the drum-
lin peak to its flanks implies that a hydraulic head gradient existed there and was steep
enough to promote water flow through the drumlin sediments before or during emplace-
ment of the uppermost layer. Water flow was likely away from the drumlin crest, consis-
tent with the elevation-head gradient and the likelihood of lower-pressure, channelized
water flow through the interdrumlin area. This observation is potentially important
because gradients in pore-water pressure contribute to gradients in effective stress (e.g.,
Boulton et al., 1987), and effective stress helps control subglacial sediment transport pro-
cesses (Clarke, 2005). Other water escape structures are found throughout the drumlin
field.
5.2 Elevation profiles
Consistent trends in elevation profiles (Fig. 4.6) imply a systematic variation in the
thickness of the forefield sediments. A forefield-wide increase in elevation with proximity
to the glacier margin indicates increasing sediment layer thickness with proximity to the
glacier margin (i.e., in areas that have experienced longer periods of glacier occupation
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and been subject to more surge events). A change in the average forefield surface slope
at the 1992 moraine suggests that more uniform sediment layer thickening has occurred
in areas that have been subjected to multiple surges of roughly the same extent. As
glacier surging can be associated with widespread bed deformation and sediment depo-
sition (e.g., Boulton et al., 1996; Boulton et al., 2001; Larsen et al., 2006), and many of
the Múlajökull till units are also thought to be associated with surge moraines (Johnson
et al., 2010; Benediktsson et al., submitted), surges at Múlajökull likely deposited sed-
iments throughout the forefield, including the sediments that form the drumlins today.
Although there is evidence that both erosion and deposition helped shape the drumlins
at Múlajökull, the elevation data suggest that the environment of drumlin formation in
this drumlin field has been primarily aggradational.
5.3 Fabrics
Fabrics from the Múlajökull forefield are consistent with previous drumlin studies
and reveal additional information about the three-dimensional strain in the till of the
drumlins. Both clast and AMS fabrics show relatively strong clustering of grain axes or
principal susceptibility orientations, indicating that the primary strain regime was simple
shear (Fig. B.1–B.6). No fabric provides evidence of the longitudinally-compressive or
extensional strain regimes (i.e., girdling of long axes) that are predicted by drumlin
formation models relying on negative sediment flux divergence, such as the Boulton
(1987) model and interfacial instability models (e.g., Hindmarsh, 1998; Schoof, 2007;
Fowler, 2010; Fowler and Chapwanya, 2014). Moreover, in most drumlin fabric studies—
whether authors relied on AMS fabrics (Gentoso et al., 2011; Hopkins et al., 2014;
Vreeland et al., 2015) or clast fabrics (e.g., Wright, 1957; Hill, 1971; Karczewski, 1987;
Piotrowski and Smalley, 1987; Goldstein, 1989, 1994; Jørgensen and Piotrowski, 2003;
Menzies and Brand, 2007; and 15 other studies cited by Stokes et al., 2011)—only fabrics
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consistent with simple shear have been identified. Although Ellwanger (1992) reported
one out of eight fabrics with an apparent girdling pattern, and Zelcˇs and Dreimanis
(1997) noted two out of 18 fabrics that were indicative of vertical shortening, no other
studies appear to provide evidence of shortening in any direction. Indeed, neither Menzies
(1979) nor Stokes et al. (2011) mentioned observations of girdled fabrics in their extensive
reviews.
Orientations of shear fabrics indicate—consistent with the attitudes of till beds—that
till was deposited progressively on the evolving drumlin forms, thereby contributing to
drumlin relief. Shearing azimuths diverge on the upglacier ends of drumlins and converge
on their downglacier ends (Fig. 4.9), indicating that till shearing and deposition were
affected by the drumlin forms. This observation helps rule out the possibility that the
drumlins formed exclusively by erosion of preexisting till beds, and is also supported by
the shear-plane attitudes obtained from AMS fabrics (Fig. 4.10). These shear planes
dip away from drumlin long axes and toward their flanks on both sides, again consistent
with deposition on the slopes of drumlins (section 5.1.2). Fabrics conforming to drumlin
shapes often have been observed in clast and AMS fabric studies of other drumlins
(e.g., Savage, 1968, as cited in Stokes et al., 2011; Walker, 1973; Krüger and Tomsen,
1984; Hopkins et al., 2014). Furthermore, fabrics from interdrumlin areas have shearing
azimuths that trend parallel to the long axes of immediately adjacent drumlins and shear
planes that—like the average forefield surface—dip slightly downglacier (Fig. 4.8). Thus,
fabrics of interdrumlin-area tills also agree with general topographic trends. In summary,
till shear strain in areas across the forefield broadly conforms to the modern topography.
5.4 Consolidation and effective stress
Bulk density and preconsolidation measurements indicate that interdrumlin areas
were subject to higher effective stresses than drumlins (Fig. 4.13; Tables 4.1 and 4.2; Ta-
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bles B.5 and B). As basal water pressures are high during surges (Cuffey and Paterson,
2010), corresponding effective stresses should be relatively low. Thus, maximum consol-
idation of the Múlajökull tills likely occurred during quiescent phases between surges,
when effective stresses were likely higher than during surges. Bulk density measure-
ments, indicating the extent of till consolidation, show that till in interdrumlin areas is
denser than within drumlins and so has experienced higher effective stresses than tills
of the drumlins. These measurements are corroborated by effective stress patterns ob-
tained through preconsolidation testing. As the absolute values of effective stress values
derived from preconsolidation tests (and thus used in the virgin compression curve) rep-
resent the maximum effective stress that the sediment has experienced since deposition,
the exceptionally low values measured throughout the forefield are somewhat dubious.
Nonetheless, the fact that the effective stress pattern they indicate is consistent with
bulk density results makes overall patterns convincing. Thus, effective stresses, during
quiescent periods when tills acquired their densities and preconsolidation pressures, were
higher between drumlins than within them.
This pattern of effective stress during quiescent flow is consistent with diverse obser-
vations from the study area. Higher effective stresses between drumlins than within them
is compatible with observations that crevasses in the glacier tend to be concentrated over
drumlins, which would reduce total normal stresses there (Johnson et al., 2010; Benedik-
tsson et al., submitted). Water escape structures that dip away from the drumlin crest
and toward its flanks and the adjacent interdrumlin area indicate larger hydraulic heads
within drumlins than between them, also in agreement with low effective stresses within
drumlins. Also consistent with these observations is that the current glacier margin in
its quiescent state is drained of water subglacially by tunnels with portals that occupy
low regions between drumlins. Such channelized drainage is anticipated during quiescent
periods (e.g., Kamb et al., 1985; Harrison et al., 1994; Larsen et al., 2006). The posi-
tion of these tunnels, which undoubtedly run at lower-than-average water pressures and
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thus collect water from adjacent regions of the bed, reinforces the inference that basal
water moved from drumlins toward interdrumlin areas, helping to cause lower effective
stresses in drumlins than between them. This effective stress pattern conflicts with the
Boulton (1987) and interfacial instability hypotheses (e.g., Fowler, 2010; Fowler and
Chapwanya, 2014), which require that effective stresses in interdrumlin areas be lower
than in drumlins to produce drumlin relief.
Although they contradict existing hypotheses of drumlin formation, the higher ef-
fective stresses observed in interdrumlin areas point to other mechanisms that could
cause a net sediment flux out of these areas. Subglacial sediment flux associated with
several different subglacial transport mechanisms is expected to increase with increasing
effective stress. For example, the subglacial tunnels between drumlins that run at low
water pressures and high effective stresses would be extremely efficient transporters of
subglacial sediment (see Section 1.2.1.3; e.g., Alley et al., 1997; Clarke, 2005). In ad-
dition, regelation infiltration of ice into sediments and subsequent sediment transport
by ice entrainment (see Section 1.2.1.2) is increased at higher effective stresses (e.g.,
Iverson and Semmens, 1995; Hindmarsh, 1997; Rempel, 2008). The possible contri-
bution from a deforming sediment layer also is not ruled out by this effective stress
pattern. Subglacial measurements indicate that ice-bed coupling is reduced and the
depth of sediment deformation decreases—such that deformation is increasingly focused
near the glacier sole—with decreasing effective stress (Iverson et al. 1995; Fischer and
Clarke, 1997; Engelhardt and Kamb, 1998; Iverson, 1999; Boulton et al., 2001; Iverson
et al., 2007). Discrete element modeling of sediment deformation corroborates this find-
ing (Damsgaard et al., 2013). An increase in deforming layer thickness where effective
stresses in the sediment bed are highest could cause increased sediment flux out of those
areas, provided shear stresses are high enough to exceed the higher yield stress of sedi-
ments with low pore-water pressures. If the deforming sediment layers in interdrumlin
areas were indeed thicker than those in drumlin areas, the required spatially variable
68
sediment flux would result if rates of basal slip were comparable.
Although the data and observations of this study do not reveal which sediment trans-
port processes are dominant beneath Múlajökull, they are compatible with a model that
includes sediment flux due to channelized subglacial water, regelation infiltration, and
sediment deformation in interdrumlin areas. This possibility should be considered in
future work on the glacier and its drumlins.
5.5 Drumlin formation at Múlajökull and at non-surge-type
glaciers
The results of observations and analysis of the Múlajökull forefield and its drumlins
support a model incorporating deposition of sediments in drumlins during surges and
erosion of interdrumlin sediments in the quiescent periods between surges. As basal
slip velocity increases by at least an order of magnitude during surge events, with large
changes in velocity associated with relatively small changes in basal shear stress (Har-
rison and Post, 2003), rates of frictional melting, which depend on the product of slip
velocity and shear stress, will increase dramatically at the glacier sole. This effect, along
with the lower effective stresses associated with surges (e.g. Kamb, et al., 1985), will
inhibit regelation infiltration and cause plastering of till within the basal ice onto the bed
(Boulton, 2006). Lodgment till (see Section 1.2.1.1) will accrete to the bed progressively
in this manner (Boulton, 2006). During the surge, basal drag may be concentrated on
drumlins, so basal melt rates will likely be greatest there, and more till will be deposited
on top of the landforms than in intervening areas. As till is plastered gradually onto the
bed, it will be subject to primarily shear deformation in the narrow zone near the bed sur-
face where lodgment occurs, which will result in till shear fabrics across the thicknesses
of progressively accreted till layers. Although bed deformation that leads to negative
sediment flux divergence during surges cannot be completely ruled out and could lead
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to spatially variable flux divergence over the bed, the basis for hypothesizing that bed
deformation is the primary source of sediment deposition during surges is weak, as the
subglacial drainage system is expected to be distributed during surges and water pres-
sure more or less uniformly high (Cuffey and Paterson, 2010). Moreover, till AMS and
clast fabrics, as noted, provide no evidence of longitudinally compressive strain like that
required for sediment accumulation associated with negative flux divergence. During
quiescent phases, on the other hand, water pressures and thus effective stresses will vary
spatially and be highest where subglacial channels run at relatively low water pressure
in low areas between drumlins. This effect would be accentuated by the crevasses that
form preferentially above the Múlajökull drumlins, reducing total normal stresses and
further decreasing effective stresses there relative to interdrumlin areas. As noted, this
pattern of effective stress could lead to net erosion from interdrumlin areas due to some
combination of glaciofluvial action, sediment entrainment in ice by regelation infiltration,
and increased thickness of the deforming sediment layer.
This conceptual model is motivated by observations at Múlajökul, but it may have
implications for drumlin formation beneath non-surge-type glaciers, including parts of
Pleistocene ice sheets with no corroborative evidence of surging. It implies that drumlins
that developed in the absence of repeated surges—with flow comparable to that during
the quiescent periods of Múlajökull—should be dominantly erosional, consistent with
some studies (e.g., Boyce and Eyles, 1991; Kerr and Eyles, 2007; Vreeland et al., 2015).
Many previous researchers have suggested, however, based on seemingly solid evidence
from Pleistocene drumlins, that both deposition and erosion played a role in drumlin
formation (e.g., Whittecar and Mickelson, 1977; Stea and Brown, 1989; Ellwanger, 1992;
Goldstein, 1994). Either the poorly known flow dynamics of the parts of the ice sheets
that made these drumlins included periods of fast flow with associated till deposition, or
the conceptual model advocated here—of erosion during quiescent periods and deposition
restricted to surges—is overly simplified. Although the latter is probably likely, formu-
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lation of better models, whether conceptual or quantitative, will require better data on
subglacial sediment transport mechanisms and their spatial and temporal distributions.
71
CHAPTER 6. CONCLUSIONS
Characteristics of the Múlajökull forefield indicate that its drumlins are the product of
both sediment deposition and erosion. The drumlins evolve through iterations of these
two processes that are likely controlled, at least in part, by the glacier’s surge cycle.
Although the exact sediment transport processes that contribute to drumlin formation
are not entirely evident from this work, the drumlins’ physical characteristics provide
some clues as to which are most probable. Key findings include:
• The drumlins are more elongate in areas that have experienced more surges, indi-
cating that their forms likely develop progressively as they are subjected to repeated
surging.
• The package of basal tills that dominates the stratigraphy of the drumlins thick-
ens with proximity to the glacier, where the forefield has been more frequently
subjected to surging.
• The uppermost till layer commonly overlies older units unconformably on the drum-
lin flanks, indicating that the sides of drumlins were eroded prior to its deposition.
• Till beds at depth within the drumlins conform to the drumlin shapes, striking
parallel to and dipping away from drumlin long axes; beds downglacier of drumlin
crests dip downglacier. The structure of these till units implies that drumlin forms
were present before the uppermost till units were deposited.
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• Water escape structures that cross-cut tills indicate flow of pore water from the
peaks of drumlins to their flanks and suggest that a gradient in hydraulic head
existed across the drumlins. This head gradient would have contributed to an
increase in effective stress toward interdrumlin areas, consistent with observations
of the glacier margin that indicate water drains from it through R-channels that
lie in interdrumlin areas.
• Clast and AMS fabrics within the drumlins indicate that both near-surface and
deeper tills (up to a depth of 5.9 m) have been subjected dominantly to shear
strain, with no evidence of the longitudinal compression or extension that would
be required if spatially variable till flux divergence in a deforming bed was required
to develop drumlin relief. This finding is corroborated by many previous drumlin
studies (e.g., Wright, 1957; Hill, 1971; Karczewski, 1987; Piotrowski and Smalley,
1987; Goldstein, 1989, 1994; Jørgensen and Piotrowski, 2003; Menzies and Brand,
2007; and 15 other studies cited by Stokes et al., 2011).
• Till shearing azimuths based on AMS and clast fabrics diverge at drumlin heads and
converge at drumlin tails, whereas sediments from interdrumlin areas have shearing
azimuths approximately parallel to the long axes of adjacent drumlins. Till shear
planes, with attitudes determined from AMS fabrics, on the flanks of drumlins
dip away from drumlin long axes in the direction of the surface slopes, whereas in
intedrumlin areas, sediment shear planes dip slightly downglacier in same direction
as the forefield surface. Thus, tills of both drumlins and interdrumlin areas were
sheared in orientations that conformed to the local topography. This supports
evidence from till layer attitudes indicating that multiple episodes of till deposition
have been affected by drumlin forms and that, therefore, drumlins are not purely
the products of erosion.
• Systematic variations in till density and preconsolidation pressure show that tills of
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interdrumlin areas have experienced higher past maximum effective stresses than
tills of drumlins. As noted, the stratigraphy of till units within the drumlins
indicates erosion of the drumlin flanks. This gradient in past effective stresses
likely indicates erosion by sediment transport processes in which sediment flux
increases with increasing effective stress. Such processes include glaciofluvial action
by channelized water, sediment entrainment in ice by regelation infiltration, and a
deforming bed that increases in thickness under higher effective stress. Density and
preconsolidation patterns reflect quiescent periods, when effective stresses can be
inferred to have been higher than during surges. Thus, the effective stress patterns
implied by these data, together with the stratigraphic evidence for erosion on the
drumlin flanks, suggest that erosion occurred during quiescence rather than during
surging.
Thus, the stratigraphic, morphological, topographic, geotechnical, and fabric data
from the Múlajökull forefield support a model of drumlin formation in which till is eroded
from interdrumlin areas and adjacent drumlin flanks during quiescent periods. Although
simultaneous deposition closer to drumlin long axes cannot be ruled out, stratigraphic
evidence connecting specific till layers to some surge moraines (Johnson et al., 2010)
indicates that deposition occurs during surges. Such deposition could result from negative
flux divergence in a shearing bed, but till fabrics provide no evidence of the longitudinal
compression of till in drumlins that would be required under such circumstances. More
likely, therefore, is that rapid but relatively uniform bed shear during surging—consistent
with the low and relatively uniform effective stresses expected during such periods—
results in basal melt rates sufficient to release debris from ice and lodge it onto the bed
as basal till. Till stratigraphy and fabrics thus likely reflect a combination of lodgment
and associated bed deformation during surging.
Although this conceptual model is founded on observations from a surge-type glacier,
it has broader implications for other drumlin-forming glaciers. For instance, it implies
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that drumlins formed in the absence of fast-flowing ice (with ice flow that is more closely
represented by the quiescent phases at Múlajökull) will be dominantly erosional. Ad-
ditionally, it suggests that the glaciers and ice sheets that formed drumlins showing
evidence of sediment deposition may have had episodes of fast flow. However, this model
is likely oversimplified and requires further development.
The results of the Múlajökull work indicate the importance of field-based studies in
model development and evaluation. Further work—at Múlajökull or elsewhere—that fo-
cuses on understanding the sediment transport processes important in drumlin formation
is needed.
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APPENDIX A. METHODS
Recovering true azimuth and shear-plane orientation from AMS
data
As noted in the text, the orientations of k1- and k2-based eigenvectors provide the
attitude of the shear plane. Ring-shear experiments have shown that, for the case of
simple shear with a horizontal shear plane, clusters of k1 orientations consistently plunge
∼15–30◦ upglacier (Iverson et al., 2008). Thus, owing to subglacial shear planes that
are usually not horizontal, the k1-based V1 eigenvector of each AMS fabric needs to be
projected onto the shear plane to obtain the true azimuth of the shearing direction within
the shear plane. Projecting k1 in this manner is accomplished by rotating the k1-based
eigenvector downglacier about the axis defined by the clustering of k2 orientations (which
is normal to clustering of k1 orientations and, in ring-shear experiments, consistently lies
within the shear plane). The projected orientation of k1 clustering then coincides with
the shearing azimuth and, together with k2, lies in the shear plane.
For this study, the appropriate angle of rotation for this projection was determined
using the results of ring-shear experiments on the Múlajökull tills (described in sec-
tions 3.3.1 and A). Results of these experiments provided the average angle between the
shear plane and the V1 eigenvector of k1 orientations.
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Ring-shear experiments
Apparatus
Remolded samples of the Múlajökull till were sheared using a large ring-shear device
(Iverson et al., 1997) (Fig. A.1). Its annular chamber has an outer diameter of 0.6 m,
a width of 0.115 m, and a thickness of 0.085 m and can accommodate ∼11 liters of
till. Within the chamber, the till specimen is bounded on its top and bottom by porous
aluminum platens that are hydraulically connected to a water-filled reservoir at the center
of the device that is open to the atmosphere. These platens have teeth the grip the upper
and lower surfaces of the till specimen. Shear rates can be held constant under a steady
stress normal to the shearing direction (Iverson et al., 1997). A variable-speed motor
and gear box rotates the lower platen and the walls associated with it, while the upper
walls and upper platen remain fixed, causing shearing of the till in a zone centered on
the break between the upper and lower walls. A uniform normal stress is applied to the
upper platen and till by a lever arm that presses down on a thick aluminum plate. This
plate (the normal load plate in Fig. A.1) is attached to the upper platen and can move
freely as the sample consolidates and dilates during the early stages of shearing.
Procedure
Two ring-shear experiments were performed to assess AMS fabric development in
the Múlajökull tills under simple shear. More than 11 liters of till were collected from
∼0.3 m depth below the drumlin surface at a stream cut exposure near Sites 1 and 2
(Fig. 3.1). Clasts bigger than one-tenth of the smallest specimen-chamber dimension
were removed using a 6.3 mm sieve, a standard procedure with this device (i.e., Iverson
et al., 1996) consistent with common practice in geotechnical engineering (Head, 1989).
For the Múlajökull tills, the clasts removed accounted for 23.4% of the total dry sediment
weight. The sieved till was mixed with deionized water to form a thick slurry that was
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Figure A.1 Ring-shear device used for the experiments. (a) Full device. (b) Detail of sample chamber.
Two ring-shear experiments were performed on the Múlajökull tills, shearing them to strains
of ∼31 and ∼37, respectively. Iverson and Zoet (2015) with permission.
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then poured into the sample chamber. Vertical columns of displacement markers—small
plastic beads ∼4 mm in diameter—were inserted in four profiles across the width of the
chamber. The rest of the components for loading the till were then assembled, a normal
stress of ∼65 kPa applied, and the till allowed to consolidate until measurable thinning
ceased (about 6 hours). The motor then was turned on, and the lower platen rotated
at a shear rate of ∼500 m a−1 at the sample centerline until the till sample had been
displaced by 0.629 m and 0.862 m at its centerline (shearing durations of about 11 and
13 hours).
Once shearing was complete, the normal load and upper platen were removed, and
the sediment excavated until the shear zone, indicated by the displacement markers,
was uncovered. The thickness of the shear zone was determined by measuring the dis-
tance between the uppermost and bottommost markers that had been displaced from
the vertical column. For the two experiments, shear zones thicknesses were 20.3 mm and
23.3 mm, respectively, at the device’s centerline, so final shear strains, based on sample
displacement, were ∼31 and ∼37. The sediment in the shear zone was sampled by push-
ing 50–75 AMS cubes into the sediment parallel to the direction of shear. These cubes
were carefully removed and analyzed with the UW-Milwaukee KLY-3S Kappabridge that
was used to measure field sample AMS.
Bootstrap Method
Bootstrap analyses were performed on the eigenvectors of fabrics from different re-
gions of the Múlajökull drumlins to improve understanding of overall fabric orientations
and variability. The software used for these analyses was adapted from an application
in PmagPy (Version 3.2.2) (Tauxe, 2015) that was developed for this purpose. The V1
eigenvectors of the 81 AMS fabrics from drumlins and interdrumlin areas were divided
into sets, based on the region of the drumlin from which each fabric was collected. Each
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Figure A.2 Bootstrap analysis process diagram. First, a set of eigenvectors (here represented by the
numbers 1–17) for fabrics collected in a drumlin quadrant is resampled, with replacement,
to form a new set. In this resampled set, some fabric eigenvectors are repeated (e.g., 12
and 15), whereas some are omitted (e.g., 6 and 17). The eigenvector of this resampled
set is calculated and recorded. This process is repeated 5000 times, to form a set of 5000
eigenvectors that represents the variability in fabric eigenvectors in a particular drumlin
quadrant.
of the sets of eigenvectors was randomly resampled, with replacement, to form a new set
of fabric eigenvectors. The resampled set might repeat some fabric eigenvectors and omit
others. For example, if 17 fabrics were measured in one drumlin quadrant, the eigenvec-
tors of those 17 fabrics would be resampled to form a new set of 17 fabric eigenvectors.
For the Múlajökull fabrics, this process was performed 5000 times, yielding 5000 new
eigenvectors for 5000 resampled sets of fabric eigenvectors in each quadrant. These 5000
new eigenvectors provide a representation the true variability of fabric eigenvectors in
that region (Constable and Tauxe, 1990). Figure A.2 illustrates the bootstrap process.
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Figure A.3 Test cell for a preconsolidation test. Adapted from Bradford and Gupta (1994).
Methods for evaluating preconsolidation tests
The Casagrande (1936) method
The Casagrande (1936) method allows past maximum effective stress to be deter-
mined from the results of a preconsolidation test on an intact till sample. In this test,
described in section 3.4.1, a till specimen, confined by a brass ring and two porous stones,
is subjected to a uniaxial stress. The upper porous stone fits snugly into the brass ring
and moves downward uniformly as the sediment consolidates under incrementally larger
applied stresses (Fig. A.3). Once the test has been completed, maximum past effective
stress is calculated using a plot of void ratio (e) as a function of the logarithm of applied
effective normal stress (σ′) (refer to Fig. A.4). Das (2010) describes this method in detail.
A point of minimum radius or maximum curvature (A) is identified. Two lines are then
drawn at A, one tangent to the curve (B), and the other horizontal (C). A line (D) is
drawn to bisect the acute angle formed by B and C. If a straight line fitting the lower
portion of the e–logσ′ curve (E) is projected backward, it intersects the bisector line at a
stress known as the preconsolidation pressure (σ′p), or the maximum past effective stress
that the till sample has experienced. Casagrande (1936) found that this method provided
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accurate preconsolidation pressures in tests on specimens with known loading histories,
and it has become a standard method for evaluating preconsolidation test results (Das,
2010).
Figure A.4 The Casagrande method for determining preconsolidation stress (σ′p) from results of a
preconsolidation test. Figure adapted from Ankerstjerne (2010) with permission.
Determining the virgin compression curve
The virgin compression curve can be determined using an e–logσ′ plot (Fig. A.5).
Das (2010) describes this method in detail. A vertical line is drawn through the value of
the preconsolidation stress (σ′p) determined using the Casagrande (1936) method. Then,
the sample’s initial void ratio e0 is calculated. To do so, note that the volume of the
solid component of the sample Vs (the till grains) can be calculated from the dry mass of
the sediment sample (ms) and the grain density (ρs which, for Múlajökull tills, is ρbasalt,
2700 kg m−3), and the initial volume of sediment voids is simply the difference between
the volume of the ring Vring and Vs, so
e0 =
Vring − Vs
Vs
. (A.1)
The value of e0 is drawn as a horizontal line. A third line is drawn at 0.4e0 on the e–logσ′
plot. The virgin compression curve is the line that connects the points F (σ′p, e0) and G
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(where the line at 0.4e0 intersects the consolidation curve). Virgin compression curves
from our most ideal preconsolidation tests (i.e., the tests with the curves that looked
most like those in Figures A.4 and A.5) were used to determine the relationship between
consolidation and effective stress in the Múlajökull till.
Figure A.5 Determining the virgin compression curve from preconsolidation test results.
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APPENDIX B. RESULTS
Drumlin stratigraphy
Extensive logs of drumlin stratigraphy (Tables B.1–B.4) completed by Benediktsson
et al. (submitted) extended to a maximum depth of 4.0 m below drumlin surfaces. These
logs indicate that most drumlin sediment comprises different till units that vary in clast
content and matrix grain size. Most of these tills are interpreted as basal traction tills.
The drumlins also have occasional silty, silty-sandy, or sandy units that are interpreted
as reworked channel fill or outwash deposits.
Table B.1 Sedimentary descriptions and interpretations from Section A of Benediktsson et al. (sub-
mitted). Table from Benediktsson et al. (submitted).
Unit Depth and description Interpretation
A10 Occurs as the topmost unit in all logs, down to 0.5 m depth.
Massive matrix-supported diamict with silty-sandy matrix, moderately
clast-rich, and easy to excavate. The surface is covered with clast
pavement. The upper part is relatively loose and shows weak clast
fabric while the lower part is fissile and contains either one or two
distinct shear planes. Basal contact is sharp conformable.
Subglacial traction
till [Evans et al.,
2006], most likely
deposited by the
1992 surge.
A9 Occurs in log AA at 0.5–0.8 m depth.
Massive matrix-supported diamict with silty-sandy matrix, moderately
clast-rich, and easy to excavate. Basal contact is gradational. Multiple
water escape structures that do not cut between units.
Subglacial traction
till [Evans et al.,
2006].
A8 Occurs at 0.8–1.8 m depth.
Massive matrix-supported diamict with silty-sandy matrix, moderately
clast-rich, and easy to excavate. Basal contact is gradational. Water
escape structures and fissility through the unit. Line of boulders in the
middle of the unit.
Subglacial traction
till [Evans et al.,
2006].
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A7 Occurs as the second unit from the top in logs AB–AE at 0.3–0.9 m
depth but at 1.8–2.5 m depth in log AA.
Massive matrix-supported diamict with sandy-gravelly matrix, clast-rich,
and easy to excavate. The unit is generally weakly fissile and the basal
contact is usually sharp conformable, although it is gradational in log
AE. In log AA, a large, fine-grained water escape structure was
observed at 2.1 m depth that does not cut through other units. Here, the
base of the unit is covered. In log AB, the unit was observed to be
thinning towards the west, and sorted sediments were found at the
base of the unit. In log AD, there are two gravel lenses in the top of the
unit and one sand lens in the middle of the unit. The unit thins towards
the southern flank of the drumlin. Water escape structures cut through
the unit and the unit below.
Subglacial traction
till [Evans et al.,
2006].
A6 Occurs in log AC at 0.6–0.7 m depth.
Massive gravel unit that thins towards the south. Basal contact is sharp
conformable.
Channel fill [Evans
and Benn, 2004].
A5 Occurs in logs AB–AF at a minimum of 0.4 m depth to a maximum of
1.6 m depth.
Massive matrix-supported diamict with silty-sandy matrix, clast-poor to
moderately clast-rich, fissile, and easy to excavate. Basal contact
varies from being gradational to sharp conformable; in places, basal
contact is defined by a weak cobble pavement. Up to 0.5 m-thick water
escape structures of light-brown to yellowish silt are common, either
solely within the unit (logs AB and AE), or cutting through the unit
above (log AD). In log AD, a cross-bedded sand channel occurs in the
top of the unit and a sand lens in the middle. Sand lenses also occur in
the upper part of the unit in log AF. In log AC, a strong clast fabric
indicates ice flow to SW, parallel to the drumlin long axis.
Subglacial traction
till [Evans et al.,
2006].
A4 Occurs in log AF at 1.05–1.15 m depth.
Horizontally laminated sand. Basal contact has weak pavement.
Channel fill [Evans
and Benn, 2004].
A3 Occurs in logs AB, AC, AE, and AF at a minimum of 1.15 m depth to a
maximum of 2.0 m depth.
Massive matrix-supported diamict with silty-sandy matrix, moderately
clast-rich, fissile, and easy to excavate. Base is sharp conformable in
logs AC and AE but not exposed in AB and AF.
The unit is rather homogeneous throughout the section, although
lenses of sand and silt and water escape structures can be found in log
AE.
Subglacial traction
till [Evans et al.,
2006].
A2 Occurs in log AC at 1.8–1.9 m depth.
Massive sand unit. Basal contact is sharp conformable.
Channel fill [Evans
and Benn, 2004].
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A1 Occurs in logs AC–AE at minimum depth of 1.6 m to a maximum depth
of 2.8 m.
In logs AC and AE, it is a massive matrix-supported diamict with a silty-
sandy matrix, moderately clast-rich, and fissile. At the time of logging,
the unit was frozen, so consistence could not be determined.
In log AD, at 1.6-1.8 m depth, it is a massive matrix-supported diamict
with a silty-sandy matrix, moderately clast-rich, and easy to excavate.
Unit has slightly fewer clasts than overlying unit and is slightly more
fissile. The lower part of the unit is covered. At 1.8–2.8 m, it is a
massive matrix-supported diamict with a silty-sandy matrix, moderately
clast-rich (although fewer clasts than in unit above). At the time of
logging, the unit was frozen, so consistence could not be determined.
The bottom of the unit is covered.
Subglacial traction
till [Evans et al.,
2006].
Table B.2 Sedimentary descriptions from Section B of Benediktsson et al. (submitted), corresponding
to Sites 1 and 2 (Fig. 3.1) of this paper. Table from Benediktsson et al. (submitted).
Unit Depth and description Interpretation
B8 Occurs in log BB at 0.0–0.2 m depth.
Massive gravel unit. Basal contact is sharp conformable.
Proglacial outwash
sediment [Evans and
Benn, 2004].
B7 Occurs as the topmost unit in log BA but is second from top in log BB.
Thickness is 0.3–0.5 m.
Massive matrix-supported diamict with silty-sandy matrix, moderately
clast-rich, and easy to excavate. The surface is covered with clast
pavement. Basal contact is sharp conformable towards the center of
the drumlin but unconformable on the flanks where it cuts off lower
units. Clast fabric is strong with preferred dip to the north, indicating ice
flow towards the south.
Subglacial traction
till [Evans et al.,
2006], most likely
deposited by the
1992 surge.
B6 Occurs in log BA at 0.3–0.9 m depth.
Massive gravel unit. Basal contact is sharp conformable.
Channel fill [Evans
and Benn, 2004].
B5 Occurs at 0.9–1.6 m depth in log BA.
Massive matrix-supported diamict with silty-sandy matrix, moderately
clast-rich, and easy to excavate. Basal contact is sharp conformable.
The lower part of the unit is fissile. Water escape structures cut through
this unit and the two below it. Clast fabric shows preferred dip direction
towards the north, indicating ice flow towards the south.
Subglacial traction
till [Evans et al.,
2006].
B4 Occurs in log BA at 1.55–1.85 m depth.
Massive matrix-supported diamict with silty-sandy matrix, moderately
clast-rich, fissile, and easy to excavate. Basal contact is sharp
conformable. Water escape structures cut through this unit and the
ones above and below. The unit is of light grey color. Clast fabric shows
non-preferred orientation.
Subglacial traction
till [Evans et al.,
2006].
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B3 Occurs at 1.9–2.4 m depth in log BA and 0.7–1.3 m depth in log BB.
Massive matrix-supported diamict with silty-sandy matrix, clast-rich,
fissile, and easy to excavate. Basal contact is sharp conformable.
Water escape structures cut through this layer and the two above it.
There is a weak boundary and a sand lens in the upper half of the unit.
Above this boundary, the unit is more brownish, and it is more greyish
below. Clast fabric shown non-preferred orientation. The unit thins out
towards the eastern flank of the drumlin.
Subglacial traction
till [Evans et al.,
2006].
B2 Occurs at 2.4–3.6 m depth in log BA and 1.3–3.1 m depth in log BB.
Massive and brecciated, matrix-supported diamict with silty-sandy
matrix, moderately clast-rich, and easy to excavate. Basal contact is
sharp conformable or gradational. Clast fabric shows preferred east-
west orientation.
Subglacial traction
till [Evans et al.,
2006].
B1 Occurs in logs BA and BB at 3.1–4.0 m depth.
Massive matrix-supported diamict with silty-sandy matrix, moderately
clast-rich, weakly fissile, and easy to excavate. Two sand lenses occur
in the upper part. The base of the unit is covered. The unit is more
pebble-rich than the one above and darker in color. The unit is weakly
fissile. Clast fabric is strong with preferred north-south orientation.
Subglacial traction
till [Evans et al.,
2006].
Table B.3 Sedimentary descriptions from Section C of Benediktsson et al. (submitted), corresponding
to Sites 8 and 9 (Fig. 3.1) of this paper. Table from Benediktsson et al. (submitted).
Unit Depth and description Interpretation
C6 Occurs at the surface, down to a minimum of 0.1 m depth (log
CD) and a maximum of 0.4 m depth (log CC).
This unit consists of diamicts that are interfingered with
massive sand layers. The diamicts are massive and matrix-
supported with a silty-sandy to sandy-gravelly matrix, and are
moderately clast-rich, and easy to excavate. The basal contact
varies from being a weak pavement to sharp conformable.
A small recessional moraine,
composed of subglacial
traction till, that was pushed up
during a winter advance
[Krüger, 1995; Lukas, 2012].
The sand layers, possibly
representing thrust planes,
were likely deposited during a
melt season but incorporated
into the moraine during
pushing.
C5 Occurs in logs CC–CF at a minimum of 0.1 m depth and a
maximum of 0.7 m depth.
Massive matrix-supported diamict with silty-sandy matrix,
moderately clast-rich, fissile, and easy to excavate. The basal
contact varies from being sharp conformable to a weak
pavement. Small sand lenses are found in places (log CD).
Subglacial traction
till [Evans et al.,
2006].
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C4 Occurs in all logs. Topmost unit in logs CA and CB (closest to
the drumlin long axis), second or third from top in the other
logs. Its thickness varies from 0.4–1.0 m.
Massive matrix-supported diamict with silty-sandy matrix,
moderately clast-rich, fissile, and easy to excavate. The surface
is covered with clast pavement. The basal contact is usually
sharp conformable and sometimes defined by a weak
pavement (logs CA and CB).
A shear plane in the middle of the unit was observed in logs CC
and CF.
Subglacial traction
till [Evans et al.,
2006].
C3 Occurs in logs CC–CE at a minimum of 0.8 m depth and a
maximum of 1.5 m depth.
Massive, matrix-supported diamict with silty-sandy matrix,
moderately to highly clast-rich, fissile, and easy to excavate.
The basal contact is sharp conformable. A water escape
structure that does not cut through other units was observed in
the lower part of the unit in log CC.
Small sand lenses were observed within this unit in log CD.
Subglacial traction
till [Evans et al.,
2006].
C2 Occurs in logs CC–CE at a minimum of 1.0 m depth and a
maximum of 1.9 m depth.
Loose, massive gravel and sand with a sharp, conformable
basal contact.
Channel fill or outwash [Evans
and Benn, 2004].
C1 Occurs in all logs, at a minimum of 0.7 m depth and a
maximum of 2.1 m depth.
Massive, matrix-supported diamict with silty-sandy matrix,
moderately clast-rich, weakly fissile, and easy to excavate. The
unit has a few sand and gravel lenses (log CA) and a water
escape structure cutting through the lower half in log CB. The
base of the unit is covered.
Subglacial traction
till [Evans et al.,
2006].
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Table B.4 Sedimentary descriptions and interpretations from Section D of Benediktsson et al. (sub-
mitted), corresponding to Site 28 (Fig. 3.1) of this paper. Table from Benediktsson et al.
(submitted).
Unit Depth and description Interpretation
D6 Occurs throughout log as the topmost unit, except where it
has been eroded in a ∼2.0 m-wide section at 4.0–6.0 m
distance from the beginning of the log. Its thickness is 0.1–
0.5 m.
Grayish, massive, matrix-supported diamict with silty-sandy
matrix, moderately-rich, loose and “foamy” in most places. In
section separated from a more compact, fissile lower section
by a distinct shear plane.
Subglacial traction till
[Evans et al.,2006],
most likely deposited
during the 2008 surge.
D5 Occurs throughout the log, except where it is pinched out (at
a distance of 10.5–12.5 m from the beginning of the log),
then truncated (at a distance of 19 m from the beginning of
the log) by unit D6. Its thickness is 0.2–0.6 m.
Moderately-sorted gravel with individual clasts up to 100 mm in
diameter. The clasts are generally well- to sub-rounded.
Outwash [Evans and
Benn, 2004].
D4 Occurs throughout the log until truncated (at a distance of 22 m
from the beginning of the log) by unit D6. Its thickness is
0.3–0.5 m.
Light brown, massive diamict with silty-clayey matrix. The
diamict is matrix-supported, moderately clast-rich, and
friable. Distinct fissility is found within the unit in most places.
Subglacial traction till
[Evans et al.,2006].
D3 Occurs in throughout log until truncated (at a distance of 23 m
the beginning of the log) by unit D6. Its thickness is 0.3–
0.4 m.
Dark gray, massive diamict with sandy matrix. The diamict is
matrix-supported, moderately-clast, and friable. Weak fissility
is found in the upper part of the unit in places.
Subglacial traction till
[Evans et al.,2006].
D2 Occurs at a distance of 20.5-23.2 m from the beginning of
the log; not exposed elsewhere. Truncated by unit D6. Its
thickness is 0.2 m.
Light brown, massive diamict with sandy matrix. The diamict
is matrix-supported, moderately clast-rich, fissile, and friable.
Lower contact is sharp and sheared.
Subglacial traction till
[Evans et al.,2006].
D1 Occurs at a distance of 20.5-23.5 m the beginning of the log;
not exposed elsewhere. Truncated by unit D6. Bottom is not
exposed.
Grayish, massive diamict with silty-sandy matrix. The diamict
is matrix-supported, moderately clast-rich, fissile, and friable.
Lower boundary is not exposed.
Subglacial traction till
[Evans et al.,2006].
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Fabrics
The AMS fabrics were determined from samples collected in vertical profiles at 28
sample sites across the forefield and shearing orientations determined from them; clast
fabrics were measured at nine different sites, seven of which coincided with drumlin
sites (Fig. B.1–B.6). Both AMS and clast fabrics tended to have similar trends at a
given location. Fabric azimuths tended to align with drumlin long axes but with small
deviations as a function of position within the drumlin. Clast fabrics, which could not
be projected onto their respective shear planes to determine shearing direction or shear-
plane attitudes, tended to plunge upglacier.
When AMS fabrics referenced to a single drumlin orientation (and fabrics from in-
terdrumlin areas referenced using the two drumlins adjacent to them) are plotted with-
out bootstrapping the data, they show trends similar to the bootstrapped AMS data
(Figs. 4.8–4.10), although they are more scattered. Sediment shearing azimuths of fab-
rics upglacier of the drumlin crest diverge, whereas the shearing azimuths of fabrics
downglacier of the drumlin crest converge (Fig. B.7). The shearing azimuths of inter-
drumlin fabrics point roughly downglacier (Fig.B.8). Poles to shear planes from the
drumlin flanks, on either side of the drumlin long axis, conform to the drumlin surface
slope (Fig.B.9), and poles to shear planes of fabrics from interdrumlin areas conform to
the overall forefield slope (Fig. B.10).
Although, as noted in the text and in Figure 4.10, shear-plane attitudes determined
from AMS data are significantly different on the opposing flanks of drumlins, parsing the
data by quadrants within drumlins and referencing those data to those from interdrumlin
areas could also yield revealing patterns. Computing confidence ellipses representing 95%
of the area covered by the bootstrapped data (Tauxe et al., 1990) is helpful in looking
for trends. Each ellipse, corresponding to data from a given quadrant or to interdrumlin
areas, overlaps the others, but those from the northeast, southeast, and southwest drum-
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lin quadrants occupy partly unique fields (Figs. B.11a and B.11b). On average, poles to
shear planes from the northeast drumlin quadrant trend northwest of poles to interdrum-
lin shear planes; those from the southeast drumlin quadrant trend southwest of poles to
interdrumlin shear planes; those from the southwest drumlin quadrant trend northeast
of poles to interdrumlin shear planes. Those from the northwest drumlin quadrant are,
on average, indistinguishable from poles to interdrumlin shear planes and from poles to
shearplanes in the other quadrants (Fig. B.11c).
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Figure B.1 Map of Sites 1–9, with drumlin sites (1–4 and 7–9) in black and interdrumlin sites (5 and
6) in red. Sites 1, 2, and 7–9 comprise several platforms in vertical profiles that were dug
horizontally into stream cuts in the drumlin surface. Sites 3–6 were pits dug in the absence
of a stream cut (see Fig. 3.5a and 3.5b). Drumlin shapes are shaded beneath contours, and
the 2013 ice margin is indicated in blue. Profiles of AMS and clast fabrics, measured at
various depths at each sample site, are included in the next seven pages. Note that absolute
depths of clast fabrics at these locations are unavailable, and one set of clast fabrics is from
the stream cut (labelled as such in the figure) in which Sites 1 and 2 are located (Section
B of Benediktsson et al., submitted) but does not coincide with a particular sample site.
	  	  
	  	  	  	  
0.25 m 
0.90 m 
2.10 m 
2.80 m 
5.90 m 
Site 1 AMS fabrics
0.30 m 
1.60 m 
Site 2 AMS fabrics
2.40 m 
drum
lin long axis 
104
	  	  
upper 
till 
till 2 
till 3 
top of 
till 4 
Site 2 clast fabrics
drum
lin long axis 
bottom 
of till 4 
till 5 
lower 
till 
105
  uppe
r 
til
l
se
co
nd
 
til
l
St
re
am
 c
ut
cl
as
t f
ab
ric
s
106
	  	  
	  	  
0.30 m 
Site 6 AMS fabrics
0.30 m 
0.55 m 
Site 5 AMS fabrics
107
	  	  Site 8 AMS fabrics
0.42 m 
0.90 m 
1.20 m 
1.65 m 
drum
lin long axis 
108
	  	  Site 7 AMS fabric
1.00 m 
Site 9 AMS fabrics
0.45 m 
1.30 m 
1.87 m 
drum
lin long axis 
109
110
!
!
!
12
11
10
615
62
0
615
615
61
5
615
615
615
615
615
61
5
61
5
61
5
¯
0 0.05 0.1 0.15 0.20.025
Kilometers
Figure B.2 Map of Sites 10–12, all on one drumlin. Each of these sites comprises several platforms
that were dug horizontally into a stream cut in the drumlin surface. The drumlin shape
is shaded beneath contours. Profiles of AMS fabrics and two clast fabrics, measured at
various depths at each sample site, are included on the next two pages.
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Figure B.3 Map of Sites 13–15, with the drumlin sites (13 and 15) indicated in black and the interdrum-
lin site (14) in red. Each site consists of one to three platforms—in a vertical profile—that
were dug horizontally into stream cuts in the drumlin surface. Drumlin shapes are shaded
beneath contours, and the 2013 ice margin is indicated in blue. Profiles of AMS and clast
fabrics, measured at various depths at each sample site, are included in the following two
pages.
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Figure B.4 Map of Sites 16–21, with drumlin sites (16, 17, 20, and 21) in black and interdrumlin sites
(18 and 19) in red. Sites 16, 17, and 20 consisted of one or two platforms in a vertical
profile that were dug horizontally into stream cuts in the drumlin surface, whereas At sites
19 and 21, sample cubes were pushed into smooth vertical faces in till surfaces that were
exposed in stream cuts. Both kinds of samples were collected at Site 18 (see Fig. 3.5a and
3.5c). Samples from site 16 were collected from the unconformable uppermost till layer that
is shown in Figure 4.5 and was observed on drumlins throughout the forefield. Drumlin
shapes are shaded beneath contours, and the 2013 ice margin is indicated in blue. Profiles
of AMS fabrics, measured at various depths at each sample site, are included in the next
three pages.
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Figure B.5 Map of Sites 22–27. Each site consists of several platforms—in a vertical profile—that were
dug horizontally into a stream cut through the head of one drumlin. The drumlin shape
is shaded beneath contours. Profiles of AMS and clast fabrics, measured at various depths
at each sample site, are included in the next four pages.
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Figure B.7 Rose diagrams and equal-area, lower-hemisphere stereonet plots of collective drumlin fab-
rics, referenced to a single drumlin, divided by drumlin quadrant. In the stereonet plots,
the large datapoints show the orientations of the V1 eigenvectors.
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Figure B.8 Rose diagram (upper plot) and equal-area, lower-hemisphere stereonet plot (lower plot)
of collective interdrumlin fabrics, referenced using the orientations of the two drumlins
adjacent to them. In the stereonet plot, the large datapoint shows the orientation of the
V1 eigenvector.
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Poles to shear planes
East
West
Figure B.9 Poles to shear planes of drumlin fabrics, referenced to a single drumlin orientation, from
the east (blue) and west (red) drumlin flanks, prior to bootstrap analysis of the data. Large
datapoints show the orientations of the V1 eigenvectors.
Poles to shear planes
Figure B.10 Poles to shear planes of fabrics from interdrumlin areas, referenced using the two drumlins
adjacent to them and analyzed collectively, prior to bootstrap analysis of the data. Large
datapoint shows the orientation of the V1 eigenvector.
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Figure B.11 Equal-area, lower-hemisphere stereonet projections of bootstrapped poles to shear planes
based on AMS data for the drumlin quadrants (a) overlain by confidence ellipses repre-
senting 95% of the area of the bootstrapped datasets (Tauxe et al., 2014); (b) represented
by 95% confidence ellipses, with data from the drumlin quadrants and interdrumlin area;
and (c) represented by centroids for 95% confidence ellipses of data from drumlin quad-
rants and interdrumlin area (black). For each image, zoomed-in view (large) focuses on
the center (∼45-90◦) of the inset stereonet.
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Consolidation and effective stress
The quality of data from preconsolidation tests varied widely, although many tests
yielded clear results. Differences between samples from well-sorted (silt, silt and sand, or
sand) lenses or units and those from till units are evident both in their initial void ratios
(samples from well-sorted units tended to have higher e0) in σ′p (which tended to be much
lower in samples from till units than in those from well-sorted units) (Table B.5).
Table B.5 Characteristics of samples studied in successful preconsolidation tests. An asterisk beside a
sample site number in the above table denotes samples with e0 > 0.90, which correspond to
samples consisting of sand or silt rather than till.
Site Location Depth (m) σ′0 (kPa) σ′p (kPa) e0
2 Drumlin (tail) 0.30 6–7 18–24 0.68
2 Drumlin (tail) 2.10 43–49 30–50 0.78
3 Drumlin (head) 0.30 6–7 17–40 0.62
3* Drumlin (head) 0.30 7 86–88 1.04
4 Drumlin (head) 0.30 6–7 41–64 0.76
5 Interdrumlin 0.95 19–22 110–170 0.81
5* Interdrumlin 0.95 20–22 180–195 1.04
6 Interdrumlin 0.30 6–7 62–92 0.62
8 Drumlin (tail) 0.90 19–21 66–98 0.68
8* Drumlin (tail) 1.20 23–28 58–80 0.98
11 Drumlin 0.65 13–15 57–130 0.80
13 Drumlin (tail) 0.30 6–7 7–41 0.71
14 Interdrumlin 0.25 5–6 21–40 0.70
14 Interdrumlin 0.25 5–6 105 0.69
14 Interdrumlin 0.25 5–7 26–45 0.71
18* Interdrumlin 0.30 7 79–81 0.94
19 Interdrumlin 0.40 8–10 23 0.73
19* Interdrumlin 0.45 9–12 74 0.95
19* Interdrumlin 0.55 11–13 180–210 0.98
25* Drumlin (head) 0.90 18–21 140–210 0.92
25* Drumlin (head) 0.90 18–21 260–380 0.93
27* Drumlin (head) 1.05 19–24 71–95 0.95
27* Drumlin (head) 1.05 20–24 17–88 0.94
Preconsolidation test results—with samples that did not run successfully, were used
in the virgin compression curve (Fig. 4.12) or had e0 > 0.90 noted—are shown in the
following 13 pages.
The results from this test were used to calculate the virgin compression curve (Fig. 4.12). 
The results from this test were used to calculate the virgin compression curve (Fig. 4.12). 
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This sample has  𝑒𝑒0 > 0.90. 
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The results from this test were used to calculate the virgin compression curve (Fig. 4.12). 
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This sample has  𝑒𝑒0  > 0.90. This sample was from a set of three preconsolidation tests that was 
interrupted when the weights were dropped. 
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This sample was from a set of three preconsolidation tests that was interrupted when the weights were 
dropped. 
This sample has  𝑒𝑒0  > 0.90. This sample was from a set of three preconsolidation tests that was 
interrupted when the weights were dropped. 
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This test did not run successfully, and its results are not included in table. 
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The results from this test were used to calculate the virgin compression curve (Fig. 4.12). 
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This sample has  𝑒𝑒0 > 0.90. 
. 
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This sample has  𝑒𝑒0 > 0.90. The test did not run successfully, and its results are not included in table. 
This sample has  𝑒𝑒0 > 0.90. 
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This sample has  𝑒𝑒0 > 0.90. The test did not run successfully, and its reasults are not included in table. 
This sample has  𝑒𝑒0 > 0.90. The test did not run successfully, and its results are not included in table. 
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This sample has  𝑒𝑒0 > 0.90. 
This sample has  𝑒𝑒0 > 0.90. The test did not run successfully, and its results are  not included in table. 
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This sample has  𝑒𝑒0 > 0.90. 
This sample has  𝑒𝑒0 > 0.90. 
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This sample has  𝑒𝑒0 > 0.90. 
This sample has  𝑒𝑒0 > 0.90. 
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Values of ρb ranged from 1375 kg m−3 to 1944 kg m−3 and formed two distinct groups
depending on whether samples used to compute density come from drumlins or from
interdrumlin areas (Table B). Preconsolidation pressures determined from these values
had a much larger absolute range (1.9–1378.5 kPa) due to the logarithmic relationship
between ρb and σ′b (Table B).
Table B.6 Values of ρb determined from AMS samples, and corresponding σ′b values, calculated from
virgin compression curve (see Fig. 4.12).
Site Location Depth N ρb St. Dev. σb
1 Drumlin (tail) 0.90 26 1512 136.5 9.3
1 Drumlin (tail) 2.10 21 1582 121.5 20.9
2 Drumlin (tail) 2.80 24 1646 147.3 43.9
2 Drumlin (tail) 0.30 25 1580 135.7 20.4
2 Drumlin (tail) 1.60 28 1633 133.2 37.9
2 Drumlin (tail) 2.40 26 1621 112.7 32.8
3 Drumlin (head) 0.30 23 1885 136.5 698.6
3 Drumlin (head) 0.30 24 1886 141.3 709.0
3 Drumlin (head) 0.30 25 1878 91.6 643.6
3 Drumlin (head) 0.75 21 1630 136.3 36.6
4 Drumlin (head) 0.30 23 1915 94.95 993.8
4 Drumlin (head) 0.90 18 1680 112.4 64.8
5 Interdrumlin 0.30 18 1773 104.0 190.2
5 Interdrumlin 0.55 24 1932 120.7 1207.1
6 Interdrumlin 0.30 23 1912 65.3 954.6
7 Drumlin (head) 1.00 23 1619 134.8 32.2
8 Drumlin (tail) 0.42 14 1841 111.5 420.1
8 Drumlin (tail) 0.42 19 1747 111.9 140.7
8 Drumlin (tail) 0.90 25 1791 155.1 235.3
8 Drumlin (tail) 1.20 25 1680 106.1 65.3
8 Drumlin (tail) 1.65 26 1635 122.1 38.5
9 Drumlin (tail) 0.45 17 1605 126.1 27.4
9 Drumlin (tail) 0.45 17 1610 61.1 28.8
9 Drumlin (tail) 1.00 16 1668 85.7 56.7
9 Drumlin (tail) 1.30 18 1597 121.6 24.9
9 Drumlin (tail) 1.30 16 1708 134.9 89.8
9 Drumlin (tail) 1.87 12 1571 64.7 18.4
10 Drumlin (head) 0.96 16 1621 126.6 32.7
10 Drumlin (head) 1.34 21 1551 119.2 14.6
10 Drumlin (head) 1.50 21 1691 146.5 73.9
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11 Drumlin 0.65 40 1831 163.1 374.4
11 Drumlin 0.73 11 1789 87.7 230.1
12 Drumlin (tail) 0.58 20 1827 83.4 357.4
12 Drumlin (tail) 0.66 21 1821 67.7 333.4
12 Drumlin (tail) 0.76 17 1777 158.5 199.1
13 Drumlin (head) 0.30 18 1727 125.3 112.2
13 Drumlin (head) 0.51 36 1714 135.7 96.5
13 Drumlin (head) 0.85 23 1587 103.4 22.2
14 Interdrumlin 0.25 16 1800 77.2 261.4
14 Interdrumlin 0.25 19 1865 94.3 555.1
15 Drumlin 0.30 20 1444 73.3 4.2
15 Drumlin 0.66 24 1673 146.2 60.0
16 Drumlin 0.40 14 1586 69.6 21.9
16 Drumlin 0.40 14 1503 111.2 8.4
17 Drumlin (tail) 0.60 21 1675 119.3 61.4
18 Interdrumlin 0.15 13 1746 70.9 139.0
18 Interdrumlin 0.20 12 1868 92.2 571.5
18 Interdrumlin 0.58 12 1944 85.3 1378.5
19 Interdrumlin 0.20 19 1762 102.5 168.3
19 Interdrumlin 0.40 22 1572 110.0 18.6
21 Drumlin (tail) 0.23 18 1375 101.0 1.9
21 Drumlin (tail) 0.25 17 1483 137.7 6.6
21 Drumlin (tail) 0.41 14 1490 133.4 7.2
22 Drumlin (head) 0.65 19 1680 166.3 65.1
22 Drumlin (head) 0.75 17 1657 131.4 49.9
22 Drumlin (head) 2.10 13 1662 104.7 52.8
23 Drumlin (head) 0.79 13 1637 118.0 39.5
24 Drumlin (head) 0.46 12 1473 128.2 5.9
24 Drumlin (head) 1.00 13 1569 89.4 18.0
24 Drumlin (head) 1.63 26 1618 101.90 31.7
24 Drumlin (head) 1.76 19 1501 139.8 8.2
25 Drumlin (head) 0.24 16 1615 142.4 30.6
25 Drumlin (head) 1.30 23 1552 87.5 14.8
25 Drumlin (head) 1.60 26 1505 104.6 8.6
26 Drumlin (head) 0.20 14 1515 128.5 9.6
26 Drumlin (head) 0.55 17 1546 135.2 13.8
27 Drumlin (head) 0.25 10 1428 1246.0 3.5
27 Drumlin (head) 0.83 13 1651 68.3 46.5
27 Drumlin (head) 1.48 22 1515 89.5 9.6
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APPENDIX C. BULLET BOULDERS
Introduction
Large boulders are often found embedded in basal tills after glacier retreat. Many
of these boulders have a characteristic shape that develops as debris-bearing ice moves
past them while they remain lodged: they are often elongate, smoothed, striated, “bullet-
nosed” on their upglacier ends, plucked on their downglacier ends (Boulton, 1978). These
so-called bullet boulders with consistent striation azimuths are sometimes used as indi-
cators of past ice-flow directions.
Methods
To understand patterns of ice flow in the Múlajökull drumlin field, we measured the
orientations of striations on bullet boulders (Fig. C.1a) on the surface of each drumlin
sampled for AMS and preconsolidation testing. Only boulders with the distinct stoss-
and-lee morphology described above and with their longest dimension greater than 0.25 m
were used for this purpose. In 2013, bullet boulder striation orientations were based
on the average orientation of three representative striations, measured individually, on
the boulder surface. Boulders were assessed in the field to determine if they exhibited
obvious signs of having been dislodged or reoriented after ice retreat, and their striation
orientations were recorded only if boulders appeared to be in situ. The results from the
2013 field season are reported in Amato (2014) and reproduced here. In 2014, on the
other hand, bullet boulder striation orientations were based on the average orientation of
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striations on the boulder surface, which were visually assessed in the field, such that only
one representative striation orientation was recorded for each boulder, rather than three.
Figure C.1 Measuring bullet boulder orientations in the field. (a) A ∼1 m-long bullet boulder, with
truncated lee side on left and striations visible on stoss, righthand side. (b) Leveling com-
pass and measuring striations on boulder surface; photo taken looking upglacier. Photos
courtesy of J. Esler.
Additionally, in the 2014 field season, every bullet boulder was measured for its striation
orientations, regardless of whether it appeared to have been displaced. Descriptions
of the boulders—including comments on whether they appeared to be in place—were
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recorded along with measurements of their striation orientations. In 2013, measurements
of striation orientations were made by one person, whereas six of the field crew assisted
with this process in 2014. During both field seasons, orientation measurements were
made with a leveled Brunton compass (Fig. C.1b).
Recorded striation orientations from boulders were vetted after the field measure-
ments were compiled and plotted on a map. All of the striation orientations recorded in
2013 were plotted. Striation orientations of the boulders measured during the 2014 sea-
son were analyzed and removed from plots if (1) their orientations differed significantly
from nearby known in situ boulders and (2) the boulder description indicated they were
no longer embedded in the till, had two different sets of striations or had striation pat-
terns that differed from boulder long axes, were small (≥ 0.25 m in length), or raised
other cause for doubt.
Results
Boulder striation orientations conformed generally to the inferred ice-flow direction
at the locations in which they were measured (Figs. C.2–C.6; see Fig. 3.1 for a map of
relative drumlin locations). They mostly fell within 10◦ of the drumlin long axis. In
some locations (particularly on the drumlins measured in 2013—see Fig. C.2 and C.3),
orientations indicated a slight divergence in ice flow on the stoss side of the drumlin and
a slight convergence in its lee (refer also to Amato et al., 2014). This pattern, however,
was not apparent everywhere.
Discussion and conclusions
Other than their tendency to align with the general direction of glacier flow (and thus
the long axes of their respective drumlins), no consistent patterns were seen in the bullet
boulder orientations. Problems such as the subjectivity introduced by visually assessing
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Figure C.2 Map of bullet boulder trends (purple) on two drumlins, measured in 2013 using the average
trend of three striations to determine boulder trend. Drumlin shapes are indicated in gray
beneath the contours, and the 2013 ice margin is noted in blue. The northeastern drumlin
was the location of AMS Sites 1–4, and the southwestern drumlin was the location of AMS
Sites 7–9.
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Figure C.3 Map of bullet boulder trends on one drumlin, measured in both 2013 (purple) and 2014
(red). Measurements in 2013 were based on the average trend of three striations from
the boulder surface, whereas measurements in 2014 were based on the visually-assessed
average trend of striations. Drumlin shapes are indicated in gray beneath the contours.
This drumlin was the location of AMS Sites 10–12.
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Figure C.4 Map of bullet boulder trends (red) on three drumlins, measured in 2014 using the visual-
ly-assessed average trend of striations. Drumlin shapes are indicated in gray beneath the
contours, and the 2013 ice margin is noted in blue. The southwestern drumlin was the
location of AMS Site 13, and the southeastern drumlin was the location of AMS Site 15.
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Figure C.5 Map of bullet boulder trends (red) on one drumlin, measured in 2014 using the visual-
ly-assessed average trend of striations. Drumlin shape is indicated in gray beneath the
contours. This drumlin was the location of AMS Sites 16, 17, and 20.
154
Figure C.6 Map of bullet boulder trends (red) on one drumlin, measured in 2014 using the visual-
ly-assessed average trend of striations. Drumlin shape is indicated in gray beneath the
contours. This drumlin was also the location of AMS Sites 22–27.
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the average striation orientation during the 2014 field season (when the majority of the
bullet boulder measurements were made), the fact that no information was recorded
during the 2013 season to aid in assessing the likelihood that the boulder was in situ,
and potential inconsistencies arising from several people taking somewhat subjective
measurements reduce the data quality. As differences in sediment deformation azimuths
indicated by other measurements (clast and AMS fabrics) have been subtle (∼10◦),
conclusions as to whether patterns in ice-flow direction mimicked those of sediment shear
are difficult to draw from this work. Whether ice flow was deflected locally by drumlins
cannot be determined from these data.
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APPENDIX D. DIRECT SHEAR TESTING
Introduction
The direct shear test is the oldest form of soil shear testing (Das, 2010). Although
many kinds of test setups exist, they generally consist of a sediment sample chamber that
is split into upper and lower halves to allow shear displacement and two load cells that
record normal and shear stresses (Fig. D.1). Direct shear testing is used to determine
sediment shearing parameters c and φ (refer to Eq. 1.1) by subjecting a soil sample to
various σ′ values and shearing it until failure. These parameters are useful for evaluating
the subglacial mobility of the Múlajökull tills and could be incorporated into models of
ice-sediment interactions and drumlin formation at Múlajökull.
Figure D.1 Standard direct stress test. The chamber on the device used in the tests on the Múlajökull
till was cylindrical, with r = 31.7 mm, and h ≈ 30.0 mm (naturally, h varied over the course
of the experiment as the sediment sample first consolidated and then dilated). Normal stress
and shear stress are PN and PS , respectively, in this diagram. Figure adapted from 2013
Iowa State CE 360 laboratory manual.
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Methods
A set of drained, displacement-controlled direct shear tests was performed on the
Múlajökull till. The till used in the experiments was collected from 0.3 m depth at
Site 2 (Fig. 3.1) and dried at ∼100 ◦C over a 24 hour period immediately prior to the
test. The dried till then was disaggregated and sieved using a No. 6 (2.83 mm) sieve to
remove all particles larger than one-tenth of the smallest chamber dimension ( 30 mm),
a common practice in geotechnical engineering (Head, 1989). This loose sediment was
loaded into a cylindrical chamber (with a circular base of radius r = 63.5 mm and depth
d ≈ 30 mm). A known σ′ then was applied to the till as lower half of the test cell was
displaced horizontally at a constant rate, and both shear stress and shear displacement
were measured throughout the experiment. Effective normal stresses of 68.9, 137.9, 275.8,
and 517.1 kPa, respectively, were applied to the sediment chamber in four separate tests
using a GeoTest S2220 DigiShear automated direct shear system located in the Iowa
State University Civil, Construction, and Environmental Engineering Department.
Results
Predictably, as σ′ increased, so did the sediment shear strength S. At σ′ = 68.9 kPa,
S = 89.3 kPa; at σ′ = 137.9 kPa, S = 104.8 kPa; at σ′ = 275.8 kPa, S = 187.2 kPa; and
at σ′ = 517.1 kPa, S = 395.7 kPa (Figs. D.2–D.5). These results were used to determine
the Mohr-Coulomb failure envelope, which describes the linear relationship between σ′
and S, for the Múlajökull tills (Fig. D.6). The friction angle φ of the dry Múlajökull
tills, determined from the slope of their Mohr-Coulomb failure envelope, is 35.16◦, with
a cohesion that does not differ significantly from zero.
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Figure D.2 Shear stress vs. shear displacement for σ′ = 67.9 kPa. Failure occurred at maximum shear
stress, at 89.3 kPa after 5.94 mm of displacement.
Figure D.3 Shear stress vs. shear displacement for σ′ = 137.9 kPa. Failure occurred at maximum
shear stress, at 104.8 kPa, after 4.45 mm of displacement.
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Figure D.4 Shear stress vs. shear displacement for σ = 275.8 kPa. Failure occurred at maximum shear
stress, at 187.2 kPa, after 5.50 mm of displacement.
Figure D.5 Shear stress vs. shear displacement for σ = 517.1 kPa. Failure occurred at maximum shear
stress, at 395.7 kPa, after 6.21 mm of displacement.
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Figure D.6 Mohr-Coulomb failure envelope for Múlajökull till, determined through four experiments
at different σ′ (Fig. D.2–D.5). Regression: τ = 0.704σ′ + 18.2 kPa, R2 = 0.97695.
Discussion
The values of friction angle and cohesion determined in these tests are reasonable,
given the texture and mineralogy of the till, which is sandy and contains negligible clay
minerals. Although the results from this test do not bear directly on this work, they
may be important in future work on ’Múlajökulls tills or in future modeling of drumlin
formation at Múlajökull.
